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ABSTRACT 
Metal particles like aluminum and boron are of great interest as additives to 
energetic materials due to their high gravimetric and volumetric heat of combustion. 
However, the ignition temperatures of metals are quite high and their burning rates which 
depend upon the surface area of the burning metal agglomerates are quite slow. The 
naturally formed oxide layer on the surface of metal particles can further inhibit their 
ignition and combustion by limiting fuel/oxidizer transport. The boron oxide layer on boron 
particles is of particular interest due to the strong diffusion barrier formed by its presence. 
However, the ignition temperature and burning time of micron-sized metal particles can be 
reduced through development of additional interfacial area (equivalently, reduction of 
fuel/oxidizer diffusion distance) through the process of ball milling. Additionally, ball 
milling of inclusion materials such as polytetrafluoroethylene (PTFE) that mitigate through 
reaction the formation of metal oxide features on metal particles can reduce ignition delay 
and further expedite metal particle combustion energy release. Ball milling is of particular 
interest in fabrication of energetics and energetic ingredients due to its top-down, scalable 
nature. Both the kinetics of metal fluorocarbon reactions and the ignition/combustion of 
mixtures of nanoscale metal fuels with nanoscale fluorocarbon oxidizers have received 
much attention in the past decade. However, ball milling-fabricated (mechanically 
activated) energetic materials possess complex internal structure and length scales 
spanning from the nano- to the micro-scale. For these reasons as well as others, their 
ignition and heterogeneous reactions can be far different than those of either similar 
nanoscale mixtures or premixed kinetics. The heterogeneity of metal/fluorocarbon 
energetic material reactions dictates that their reactivity and ignition are dependent upon 
x 
both pressure and heating rate. While a number of studies have explored ignition at high 
heating rates alone, the combined effects of both controlled high heating rate and high 
pressure have not been explored. Such information is of importance to application of 
nanoscale energetics in energetic systems in areas of rocket propulsion and detonation 
enhancement. 
This thesis explores the reactivity, ignition, and combustion efficiency of nanoscale 
metal/fluorocarbon energetic materials comprised of aluminum and boron fuels with PTFE 
oxidizer. Differential scanning calorimetry/thermogravimetric analysis with hyphenated, 
time-resolved (temperature-resolved) evolved gas analysis via both mass spectrometry and 
Fourier transform infrared absorption are used to explore the anaerobic and aerobic 
reaction of metal/fluorocarbon energetic materials. Ignition is explored at linear heating 
rates of 104 °C/s to 105 °C/s and at pressures ranging from one to 70 atm pressure using a 
custom fabricated, electrically heated filament apparatus fitted within a windowed, high 
pressure vessel. Combustion rate at high pressure is further inferred by high-speed pressure 
measurements of small volume combustion bomb experiments and combustion efficiency 
of nanoscale energetics is measured using oxygen calorimetry. Findings from combustion 
experiments and interpretation are further supported by material and product 
characterization via scanning electron microscopy (SEM), energy-dispersive X-ray 
spectroscopy (EDS), powder X-ray diffraction (XRD), and combustion chemical 
equilibrium simulation. 
Chapter one discusses relevant literature in the areas of metal combustion 
(specifically aluminum and boron), effects of the addition of fluorocarbons, effects of 
nanostructure on heterogeneous energetic material reactivity and ignition as well as 
xi 
nanostructuring techniques, and the effects of heating rate on ignition as well as techniques 
for achieving high heating rate ignition. Chapter two discusses the measurement of aerobic 
and anaerobic reactivity of mechanically activated Al/PTFE energetic materials and their 
ignition sensitivity to pressure and heating rate. Chapter three discusses similar trends in 
B/PTFE nanoscale energetics with a nanoscale boron that fabricated from a unique laser 
pyrolysis method, and chapter four discusses development of ternary B/Al/PTFE 
mechanically activated energetic materials, with specific emphasis on the effects of staging 
of the ball milling process in order to affect reactivity. 
1 
CHAPTER 1.  NANOSCALE METAL/FLUOROCARBON ENERGETIC MATERIALS 
LITERATURE REVIEW 
Abstract 
Energetic materials such as aluminum and boron have been studied by many researchers 
for their applications as additives in propellants and explosives due to their high combustion 
energy release. The aim of this literature review is to examine combustion mechanisms of 
aluminum and boron in different gas environments with different oxidizers such as oxygen and 
PTFE. The reaction of aluminum with oxygen is homogenous while the reaction of boron with 
oxygen is heterogeneous. Fluorine containing gases such as fluorocarbons can accelerate 
aluminum and boron combustion due to the production of gas phase fluorides instead of solid 
phase oxide. Fluorination also generates more heat than oxidation due to high electronegative of 
fluorine. This literature review also covers preparation methods of energetic materials, the 
influence of particle size on metal particle reactivity and ignition methods. Nanoscale particles 
have high specific surface, as a result, they have much better properties than their microscale 
counterparts such as lower melting point and lower heat of fusion which lead to lower ignition 
temperature and shorter ignition delay during combustion. In order for microscale metal particles 
to show similar performance as nanoscale particles, mechanical activation method such as ball 
milling could be used to generate nanostructure within microscale particles. At last, ignition 
methods including T-jump method as well as laser ignition and shockwave tube ignition are 
covered. The advantages and disadvantages of these methods are listed also. Overall, this literature 
review provides background for experimental study of preparation, ignition and combustion of 
nano-structured energetic metal/fluorocarbon composite.  
 
2 
General Motivation for the Study of Nanoscale Energetics 
Nanoscale energetic materials frequently consist of a mixture of metal/non-metal fuel and 
oxidizer particles. Energetic materials could be used as propellant additives, gas generators, 
pyrotechnics, or explosive additives due to their high heat release during combustion and fast 
combustion rate. The composition of a nanoscale energetic material is typically dictated by 
material availability, ease of handling, and importantly, the chemical potential energy release. 
Common nanoscale energetic material fuels include metals such as Al, Mg, Ti and Zn, and 
metalloids such as Si and B. These materials are frequently used because their oxidation results in 
both gravimetrically and/or volumetrically high energy release. Of all the common fuels, 
aluminum and boron have been of high interest due to their higher energy release of all. 
Common used oxidizers include metal oxides such as CuO, MoO3, Fe2O3 and WO3. 
Recently, fluorine containing oxidizers such as fluorocarbons have been of great interest and 
widely studied due to the strong electronegative property of fluorine (more so than oxygen). As a 
result, the enthalpies of fluorination of many of the aforementioned metals/metalloids are higher 
than their respective enthalpies of oxidation. In other words, fluorination (rather than oxidation) 
for some metals results in greater energy release. For example, the enthalpy of fluorination of 
magnesium (Mg) is 16.8 MJ/kg which is higher than its oxidation enthalpy (13.8 MJ/kg) [1]. 
Thermodynamic equilibrium calculations indicate that stoichiometric Al/PTFE compositions 
produce about 15 times more gaseous products than stoichiometric Al/MoO3 compositions 
containing 10% to 40% by mass aluminum [2]. The calculation also shows that the heat of 
combustion of Al/PTFE is about two times of Al/MoO3 which indicates that Al/PTFE reactions 
have the potential to reach higher flame speeds due to increased gases production and higher heat 
release [2]. 
3 
On the other hand, fluorocarbons are widely available and have high stability which are 
very important as oxidizers in nanoscale energetic materials. In addition to serving as oxidizers, 
fluoropolymer such as PTFE (Teflon), Viton, and other copolymers/terpolymers can also function 
as binders. 
Metal Particle Combustion 
In order to be able to design and utilize nanoscale energetic materials, it is necessary to 
understand the combustion mechanism of metal particles. The characteristics of metal combustion, 
for example, are dependent upon fuel/oxidizer type and thermodynamic characteristics of reactants 
and products. For metal combustion in gaseous oxidizing environments (e.g. air or gaseous 
oxygen), there are typically two kinds of physical combustion conditions that may occur: 
homogenous combustion and heterogeneous combustion, and their occurrence is dictated by the 
Glassman criterion, which states that for a metal to burn in the vapor phase, the oxide 
boiling/volatilization temperature must be greater than the metal boiling temperature [3]. 
Homogenous combustion 
In the case when the volatilization temperature of the metal oxide product is higher than 
the metal boiling temperature, the fuel/oxidizer reaction occurs in a homogenous, vapor phase 
flame sheet that resides above the fuel particle surface [3]. Homogenous, vapor phase combustion 
can be best illustrated by consideration of atmospheric pressure combustion of an aluminum 
particle in oxygen. During such a condition, shown in Fig. 1 (left), aluminum metal vapor reacts 
with oxygen in a diffusion flame sheet (envelope) having a flame temperature in excess of the 
aluminum boiling temperature (2740 K). Both reactants are in the form of gas phase, which makes 
the reaction homogenous. Upon reaction, gas phase aluminum oxide products quickly nucleate to 
form a liquid vapor dispersion, and diffuse both inward toward the metal droplet surface and 
outward toward the oxygen. As a result of the significant amount of metal oxide produced and the 
4 
high oxide enthalpy of vaporization, the aluminum combustion flame temperature for many 
thermodynamic conditions is limited to the boiling temperature of the oxide [3]. Heat feedback 
from the flame sheet and high temperature oxide products to the liquid aluminum particle occurs, 
resulting in boiling and vapor transport of aluminum from the droplet surface back to the flame 
sheet, and as a result, the aluminum droplet surface is thermodynamically fixed at the aluminum 
boiling temperature.  
The physics of oxide product transport and accumulation are specific to metal fuel/oxide 
surface tension and miscibility considerations at high temperatures for aluminum oxidation 
specifically. Al2O3 diffusing towards the aluminum particle aggregates into a growing oxide lobe 
on the surface of the liquid aluminum droplet due to immiscibility of the liquid oxide in aluminum 
and high aluminum and aluminum oxide surface tensions.  
This homogenous combustion process is similar to that of a liquid hydrocarbon fuel droplet 
burning in air/oxygen, but because many metals have high boiling temperatures, the oxide product 
volatilization temperature is not always higher than the metal volatilization temperature. Such a 
condition can occur in aluminum combustion as a result of differences in the pressure dependence 
of aluminum and aluminum oxide volatilization temperatures, and as such, homogenous 
aluminum/oxygen combustion does not occur at pressures above roughly 200 atm [3]. 
Homogenous combustion of metal fuels is particularly advantageous, as reaction above the fuel 
droplet surface is promoted by high diffusion rates of fuel and oxidizer into the flame envelope. 
However, such a condition does not occur for heterogeneous combustion. 
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Figure 1. Left: Schematic of aluminum particle burning in air as homogenous combustion. 
Right: schematic of boron particle burning in air as heterogeneous combustion  
Heterogeneous combustion 
When the volatilization temperature of metal oxide product is lower than the metal particle 
boiling temperature, heterogeneous surface combustion occurs [3]. In heterogeneous combustion, 
not all of the reactants are in gas phase. As an example, consider the atmospheric pressure 
combustion of a boron particle (Tboil =4200 K) in oxygen to form boron oxide, B2O3 (Tboil=2133 
K) (Fig. 1 (right)). For boron/oxygen combustion, the flame temperature is lower than the boron 
boiling temperature, thus, reaction occurs at the surface of a liquid boron particle, rather in the 
suspended flame envelope common to homogenous combustion. As a result, a condensed phase 
(liquid/solid) B2O3 layer is formed at the boron droplet surface and continues to grow as the 
reaction progresses.  As the oxide layer gets thicker, the reaction rate slows, limited by diffusion 
of oxygen and boron through the boron oxide product layer. For boron oxidation specifically, rapid 
combustion is further complicated by the low surface tension of boron oxide, resulting in a 
tendency to uniformly coat a particle rather than agglomerate in one location at the surface of a 
6 
boron droplet. As a result, of its heterogeneous flame structure, boron oxidation efficiency is 
limited by diffusion through a product layer and is strongly dependent upon boron particle size. In 
order to improve boron combustion efficiency, the combustion product layer has to be removed 
from the surface of boron particle, thus, different oxidizers may be introduced in order to alter 
boron combustion physics through generation of gas phase products.  
Fluorocarbon Oxidizers  
For both Al and B combustion, fluorination releases more energy than oxidation. With an 
aluminum fuel, for example, the formation of AlF3 releases about 80% more energy than the 
formation of Al2O3 per unit mass [4]. In addition to the increased energy release possible from 
fluorination, the gas phase behavior of many metal fluoride products results in favorable 
combustion physics. When fluorine gas reacts with aluminum or boron, a fluoride is produced (e.g. 
AlF3 or BF3) rather than oxide. The atmospheric pressure sublimation temperature of aluminum 
fluoride (~1570 K) is much lower than the boiling temperature of aluminum oxide (3250 K). In 
consideration of a boron fuel, the atmospheric pressure boiling temperature of boron fluoride (173 
K) is far below the boiling temperature of boron oxide (2133 K). Thus, for both aluminum and 
boron fluorination, metal fluoride combustion products remain in the vapor phase over a large 
range of combustion conditions. Considering a heterogeneous flame condition such as boron 
combustion, this is particularly advantageous, as boron fluorination does not lead to formation of 
a diffusion-limiting condensed phase product layer on the boron fuel surface. The cryogenic 
boiling temperature of boron fluoride and to a lesser extent the relatively low sublimation 
temperature of aluminum fluoride can lead to greater gas production and lower two-phase flow 
inefficiencies. Consequentially, oxidizer type can control the type of combustion that occurs with 
a given fuel (either homogenous vapor phase or heterogeneous surface combustion). For many 
combustion applications such as propulsion, the higher quantities of gas phase products that can 
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be produced from fluorination as well as the high energy release of metal fluorination can result 
in increased propulsive performance. 
Fluorocarbons are one of the most readily available sources of reactive fluorine for use in 
energetic materials and of the fluorocarbons, polytetrafluoroethylene (PTFE) is the most common. 
However, release of reactive fluorine fragments first requires fluorocarbon decomposition before 
reaction can occur with solid fuels. Studies show that PTFE starts to decompose at ~260 °C, though 
decomposition at this temperature is slow and higher temperatures above 400 °C are needed for 
significant decomposition to occur [5]. The main products of PTFE decomposition include vapor 
phase C2F4, C3F6, and C4F8 [5-9], with C2F4 accounting for up to about 75% by weight of 
fragments. The decomposition of PTFE, however, is dependent upon heating rate, pressure, and 
gas environment. For example, Lewis and Naylor [10] found that C2F4 is the main product in the 
pyrolysis of PTFE at 600 °C to 700 °C under vacuum conditions. At atmospheric pressure, C2F4 
formation is reduced drastically and C3F6 and C4F8 production increases [5, 10]. Hydrogen and 
chlorine atmospheres are found to inhibit PTFE decomposition [11] while moisture and sulfur 
dioxide are found to enhance its decomposition [11]. In the presence of oxygen, fluorocarbon 
decomposition fragments can further react with oxygen and produce COF2, which is highly 
reactive and toxic species [6, 12]. Presence of water moisture in the gas environment additionally 
leads to HF production during PTFE decomposition [6].  
While PTFE is the most commonly used nanoscale energetic material fluorocarbon 
oxidizer, the use of fluorocarbons of differing chain length/structure or fluorocarbon copolymers 
or terpolymers include polychlorotrifluoroethylene (PCTFE), polyvinylidene fluoride (PVDF), 
polycarbon monofluoride (PMF), vinylidene fluoride-hexafluoropropene copolymer (VDF-HFP), 
vinylidene fluoride-chlorotrifluoroethylene (VDF-CTFE), copolymer of tetraflluoroethylene 
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(TFE) and vinylidene difluoride (VDF, C2H2F2)  and terpolymers of tetrafluoroethylene (TFE, 
C2F4), hexafluoroethane (HFP, C3F6) and VDF [13]. The mixtures of TFE, HFP and VDF are 
commercially available as THV (3M Inc.). Two or more of the three common monomers (TFE, 
HFP and VDF) are frequently mixed in different ratios to achieve varying mechanical properties 
that improve structural integrity of the energetic materials [13].  
Synthesis of Nanoscale Energetic Materials 
The first generation of nanoscale energetics, termed metastable interstitial composites 
(MICs), were materials containing binary compositions of both fuel and oxidizer having nanoscale 
dimensions and being separated by a stabilization interface (e.g. an aluminum oxide shell 
surrounding an aluminum feature). Research on MICs was begun in the 1990’s after discovery that 
vacuum vapor deposition of aluminum onto copper oxide substrates resulted in immediate redox 
oxidation of aluminum and conversion of copper oxide to elemental copper [14]. Initial research 
into the reactivity of MICs was focused on the development of bi-layer laminates of fuel/oxidizer 
matrices in thin foil form [15] though with commercial availability of nanoscale granular materials, 
focus shifted to more easily fabricated granular fuel/oxidizer nanoparticle MICs.  
Nanoparticle MIC composites consist of two or more fuels/oxidizers mixed together via 
physical methods, such as stirring [2], emulsification [16], sonication [17], spray atomization [4], 
or sieving, which occur without change to the structure/properties of particulate constituents. The 
mixing degree depends on mixing time, mixing power (fluid shear force), and even particle size 
and density (relative densities of fuel/oxidizer particles). Though longer/higher intensity mixing 
typically results in greater degrees of fuel/oxidizer mixing, nanoscale particles tend to agglomerate 
due to surface forces and a degree of unmixedness is present in most nanoscale energetics. This 
effect is particularly apparent in use of nanoscale aluminum, where high localized gas pressures 
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near point contacts between Al fuel particles result in air moisture condensation and oxidation 
necking that fuses Al particles together during the manufacturing process.  
While physical mixing of nanoscale ingredients is one of the simplest bottom-up synthesis 
techniques, the production of nanometric fuels and oxidizers can be costly, time-intensive, and as 
a bottom-up method, can pose scaling complications. An alternative, top-down approach, 
mechanical activation (MA) or arrested reactive milling (ARM) is a way to alter the reactive 
behavior of the materials via changing of material length scales within particles. Materials are 
plastically deformed, sheared, and mixed in a container with high hardness, high density media 
(typically stainless steel, tool steel, zirconia, or alumina). During mixing, collisions of media result 
in GPa-scale pressures during impact that simultaneously cause deformation of ductile materials 
(e.g. aluminum fuel) and shattering of brittle materials (e.g. metal oxide oxidizers) as well as cold 
welding incorporation of constituents together into individual particles, resulting in formation of 
new interfacial microstructure within the materials. For example, by ball milling micron size 
aluminum and micron size PTFE together, nano-structured layers of aluminum and PTFE are 
formed within the particles. As a result, Al-PTFE composite exhibits some behaviors similar to 
physical mixed nano size aluminum and PTFE mixtures [18]. Most notably, through ball milling, 
especially high-speed ball milling, the heterogeneous reaction diffusion distance between different 
materials is decreased, which leads to lower ignition temperature. As the ball milling continues, 
the local heat production from media impacts can result in ignition within highly nanostructured 
materials during the milling process. As such, for many ball milled energetic materials, a critical 
‘dose’ of mechanical activation exists beyond which nanostructure cannot be further enhanced. 
When using ball milling, variables such as speed, power, cooling and timing are selected in order 
to provide maximum grinding, mixing and activation of the components, but prevent reaction [19]. 
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In addition to these techniques, the fabrication of nanoscale energetics (both MICs and 
intermetallic reactive materials) in laminate structures remains prevalent as a method to produce 
composites amenable to fundamental flame propagation studies; such fabrication techniques 
include alternating vapor layer deposition [20, 21] and mechanical layer fabrication by pressing 
[22, 23] and forging [24].  
Effect of Metal Particle Size on Thermophysical and Combustion Characteristics 
The particle size within the diameter scale of micrometers to nanometers has been found 
to adversely affect nanoparticle thermophysical and combustion characteristics [25]. Nanoscale 
particles have dramatically different thermal, physical, chemical, electrical and even optical 
properties than their microscale counterparts. Many of these differences are hypothesized to be an 
effect of the ratio of surface atoms to bulk atoms, which increases rapidly as the particle size 
decreases. Figure 2 shows the ratio of surface to bulk atoms for a spherical iron crystal of varying 
particle size. From the figure, it is clear that at a size below about 2.5 nm, there are more surface 
atoms than the bulk atoms. As the surface atoms have different thermal or physical properties than 
the bulk atoms, nano-size particles (especially when the size is reduced below 10 nm) show 
different thermal/physical properties than bulk material such as melting point, heat of fusion, 
particle burning time and ignition temperature. 
  
11 
 
 
Figure 2: Ratio of surface to bulk atoms for a spherical iron crystal of varying size. From 
Ref.[25], adapted from [26].  
Both melting temperature and heat of fusion of metals are sensitive to particle size. It has 
been shown [27] that the bulk melting temperature of tin particle is about 227 °C with a diameter 
size of 100 nm. However, as the particle size of tin is reduced below 100 nm, an experimentally 
measured depression of the particle melting point as much as 80 °C is observed at 10 nm particle 
diameter. The heat of fusion of tin nanoparticles is found to show similar trend as the melting 
point. The heat of fusion decreases from bulk values (55 J/g) at 100 nm diameter to 18 J/g (10 nm 
diameter) as the particle size of tin is reduced. These effects have been observed elsewhere in other 
material systems and are generally believed to be caused by increased surface energy availability 
that is enhanced by particle curvature. The abundance of surface atoms within nanoparticles thus 
results in experimentally observed melting point depression. 
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Fig. 3 shows the burning times of aluminum particles at varying particle size. From the 
figure we can see, at a particle size above 10 µm, the burning time decreases as the particle size 
decreases. The general trend of burning rate above 10 µm follows the widely understood “d2 law”, 
dictating that the burning time of a condensed phase fuel particle is proportional to the square of 
the particle diameter. For particle sizes that are smaller than 10 µm, data, though more scattered, 
suggests the burning time varies linearly with diameter. It has been hypothesized that the burning 
time trend change at about 10 µm is the result of transition from diffusion controlled combustion 
(for larger particle sizes) to a kinetic controlled combustion regime (for smaller particle sizes).  
 
Figure 3: Burning times of aluminum particles of varying particle size. From Ref.[25], 
adapted from [28]. Kinetically, rather than diffusionally limited combustion is observed 
experimentally for particle sizes below 10 µm diameter. 
Fig. 4 shows the variation of ignition temperature of aluminum particles in an atmospheric 
pressure oxygen environment as a result of particle size change. The results suggest that the 
ignition temperature decreases as the particle size decreases. For particles larger than 100 µm, the 
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ignition temperature corresponds to the bulk ignition temperature of aluminum, which is the 
melting temperature of Al2O3. Since there is a layer of Al2O3 on aluminum particles, bulk 
aluminum ignition corresponds with the melting and receding of the oxide layer from underlying 
liquid aluminum. However, for particles in nano size, ignition could start at temperature much 
lower than the melting temperature of Al2O3. Many mechanisms have been proposed to explain 
the ignition temperature depression of aluminum, including melt dispersion [29-31], the diffusion 
oxidation mechanism [32], and reactive sintering [33]. These mechanisms are highly dependent 
upon the metal-oxide core-shell structure of particles as well as particle heating rate, and currently 
no general consensus exists on ignition mechanism. 
 
Figure 4: Aluminum particle ignition temperature as a function of average particle size. 
From Ref.[25] , adapted from Ref. [34]. 
High Heating Rate Ignition Techniques  
Due to their heterogeneous composition, the interaction of gas phase species in ignition, 
and differences in volatilization temperatures of nanoscale energetic materials, the ignition physics 
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of nanoscale energetic materials can be strongly dependent upon heating rate. Relevance of 
ignition studies, because of this, requires study at heating rates which are common to those 
experienced in energetic applications, which include 104 - 105 K/s (deflagration) to 107 - 108 K/s 
(detonation). For the study of ignition behavior of energetic materials under fast heating rate, 
techniques such as electrically heated filaments (T-jump), laser irradiation, and multiphase shock 
tubes were used. Typically, heating rates in the range of 103 K/s to 105 K/s are achieved for T-
jump methods, while the heating rates of 106 K/s to 107 K/s are possible for laser irradiation and 
heating rates of 107 K/s are common for shock tubes.  
Electrical filament temperature jump (T-jump) heating 
In T-jump heating, an electrical filament such as platinum or nickel-chromium is resistively 
heated by applying controlled voltage and current profiles across the thin short filament. As heating 
is achieved relatively quickly, the heating process remains relatively loss free that reasonable 
estimates of heating rate can be calculated by 1-D joule heating models with temperature 
dependent properties. Different heating rates are achieved by controlling current flow through the 
filament either directly or through indirect control of the voltage potential applied to the filament. 
One particular advantage of the technique is the ease of measuring an average filament temperature 
during the heating process through online measurement of applied voltage and current combined 
with joule heating models. Ignition is typically reported as the temperature at which first light 
emission is observed and is detected by either optical diode/photomultiplier tube or via high speed 
video techniques. By calculating the filament temperature when the particle ignites, the ignition 
temperature and delay can be estimated. High speed online gas analysis techniques such as mass 
spectrometry can also be used to study the high-speed time evolution of combustion species at 
microsecond timescales [35-38].  
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T-jump heating is particularly advantageous in comparison to laser and shock tube 
techniques for its simplicity and low initial cost. Maximum achievable heating rates are not 
dependent upon spectral properties of material, as heating of material occurs primarily through 
conduction. Whereas with laser heating, achievable heating rate is highly dependent upon the 
spectral absorptivity of the materials to be heated at either YAG or CO2 laser wavelengths. For 
example, it’s very difficult for YAG lasers (1 µm wavelength) to heat aluminum particles because 
of the high spectral reflectivity of aluminum. With T-jump heating, post-processing of data to 
determine ignition temperature is extremely simple in comparison to other techniques. However, 
one particular drawback is that the wire temperature is not necessarily the same as particle 
temperature due to contact resistance. In cases where the contact between the wire and the particle 
is point contact, the contact area could be small and the contact resistance large. The technique 
additionally heats material from one side where it’s touching the filament instead of uniformly. 
High contact resistance can cause temperature gradients in materials and result in temperature 
error. 
Laser irradiation 
Another commonly used technique for achieving high heating rates in nanoscale energetics 
is laser irradiation. Particularly for CO2 laser irradiation (10 m wavelength), where spectral 
absorptivity of many energetic materials is high, particle beds can be heated from ambient to 
ignition temperatures on millisecond timescales, and such techniques (e.g. 50 W/cm2 CO2 laser 
flux) has been used to ignite nanoscale Al/MoO3 composites [39] with ignition delays of 24 ms 
when the diameter of aluminum is about 17 nm up to 6 s when the diameter increases to 20 m. 
With laser irradiation heating, timed exposure can be achieved through pulse shape control (YAG) 
or use of an electromechanical shutter (CO2 laser) and incident laser flux can be controlled through 
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direct laser power/energy output control. The radial power density of a YAG or CO2 chemical 
laser Gaussian in shape and deposition of a spatially uniform laser flux to a sample requires 
conditioning of the beam’s spatial power distribution. Providing sufficient power is available, this 
can be achieved by expanding and collimating the beam and then simply clipping the outer annular 
region of the beam. In more energy efficient techniques, diffractive lensing [40] or variable 
reflectivity mirrors [41] can be used to generate a near-top hat shaped beam profile. Laser beam 
energy profiles can be interrogated through extraction of a small portion of the beam using low 
reflectivity windows (e.g. sodium chloride) and online beam monitoring with infrared (typically 
pyroelectric or thermopile) laser profilometer cameras. High speed cameras can be used to record 
the ignition delay (typically determined based on first light emission) and combustion observation.  
Laser heating is particularly advantageous, as it can result in more uniform heating than a 
T-jump. Whereas T-jump heating of particulate energetic materials primarily occurs through 
conduction, single-beam laser irradiation can directly heat half of the particle surface at once 
(neglecting directional absorptivity considerations). Additionally, if energetic material particles 
can be either electrostatically levitated [42], or placed on laser-transparent substrates, heating can 
be made highly uniform. At the same time, multiple lasers can be combined to achieve more 
uniform heating. However, determination of laser irradiated particle heating rate and ignition 
temperature is difficult. In order to determine the heating rate, both a heat transfer model and 
temperature-dependent absorptivity and condensed phase thermal properties (for ignition of 
packed beds) are needed. Direct material temperature measurement is difficult, since laser heating 
can occur at or faster than timescales of IR detectors.  
Shocktube heating 
Very fast heating rates can be achieved by shockwave heating of dispersions of energetic 
materials. In shock tube techniques, a shock wave is generated from impulsive connection of a 
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high pressure shock tube driver section to a low pressure driven section by either rupture of a 
diaphragm or opening of a high speed, low loss valve. Energetic particles are then heated by 
passage of a forward and/or a reflected shock wave in a shock tube. For this method, gas 
composition, temperature and pressure can be adjusted in order to control forward and reflected 
shockwave strengths and consequently particle temperature rise during shockwave passage 
through sparse dispersion clouds of energetic materials. Exposure of energetic materials to 
shockwaves has been achieved most simply by placing energetic powders on a knife edge and 
allowing passage of an incident shock wave to disperse powders which are subsequently ignited 
by passage of a reflected shock wave [43]. More sophisticated aerosol particle cloud injection 
systems, combined with precise timing to propagation of the incident shock front have also been 
used [44]. A number of emission diagnostics have been integrated into shock tube studies, as 
combustion environments have low optical density. Determination of ignition temperature is 
accomplished through testing with multiple shock tube parameters and 1-D, ideal shock 
propagation models. Light emission from reaction can be detected by fiber coupled photodiodes 
or spectrometers along the length of the shock tube or at the end of the test section. Two- and three-
color pyrometers as well as temperature fitting of intermediate species emission spectra (e.g. AlO) 
have been used to determine the combustion temperature [45]. 
Shock tube is able to produce highly uniform heating environment with a heating rate up 
to 107 K/s. Since the particles are heated by surrounding gases, highly uniform heating is achieved. 
Additionally, since particle dispersions are very sparse, post-shock temperatures can be accurately 
predicted and heating rate from shock passage can be readily determined. However, the technique 
requires significant investment in design and construction of a shock tube and achieving high 
heating rates requires use of either costly helium or hazardous hydrogen for pressurization of the 
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shock tube driver section. Only small particles can be heated to ignition in shock tubes due to low 
heat capacity of gas that is heated from shock passage.  
All the three heating methods listed above can heat tested materials rapidly. At the same 
time, other high-speed equipment is needed to work together with high speed heating for further 
analysis of the combustion performance. Each method has its own advantages and limitations 
when being applied.  
Summary   
In general, nanoscale energetic materials have better combustion performance such as low 
ignition temperature, shorter ignition delay and more heat release, while microscale fuel and 
oxidizer are less costly. Depends on the thermo-physical properties of the metal fuel and its 
corresponding oxide, different combustion could occur. Homogenous combustion happens when 
the vaporizing temperature of the oxide is higher than the melting temperature of its metal. 
Otherwise, heterogeneous combustion happens. The combustion mechanism could also be 
different based on the type of oxidizer used. Fluorination, rather than oxidation of many 
metallic/metal fuels results in greater energy release. Additionally, fluorination can accelerate the 
combustion process of boron by reducing fuel/oxidizer diffusion limitations through production of 
gas phase products (BF3) rather than solid phase products (B2O3). Particle size plays an important 
role on metal combustion performance. Nano particles are more reactive due to low melting 
temperature, low heat of fusion which result in low ignition temperature. Nano particles have 
higher surface area and better contact with oxidizer which result in short ignition delay and short 
combustion time. For nanoscale materials, physical mixing is used commonly while for microscale 
materials, mechanical activation method is preferred which can create nano structure within 
microscale particles in order to improve their reactivity. High heating rate of energetic materials 
in the range of 103 to 107 K/s is needed to evaluate their performance in energetic material 
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applications. As a result, methods such as T-jump joule heating, laser heating, and shock tube 
ignition are used and developed. Of these techniques, T-jump joule heating is simple, cost-
effective, and high throughput. For a comprehensive understanding of  the combustion behavior 
of Al/PTFE and B/PTFE energetic composites in different pressure, environment and heating 
conditions, the aspects listed above need to be evaluated together which is further o help analyze 
and optimize the energetic materials and predict their behavior in reality applications. 
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CHAPTER 2.  HIGH-SPEED THERMAL IGNITION OF  
ALUMINUM/POLYTETRAFLUOROETHYLENE NANOCOMPOSITE PARTICLES 
AND INFLUENCE OF PRESSURE AND GAS ENVIRONMENT 
Abstract 
 This effort reports on the high-heating rate ignition of aluminum/polytetrafluoroethylene 
(Al/PTFE) 40/60 wt.% mechanically activated (MA) composite energetic material at low and high 
pressure in argon and air environments. Ignition experiments are conducted by temperature jump 
(T-jump) heating method with an electrical NiCr filament at air and argon pressures from 101 kPa 
to 6.99 MPa (absolute pressure) and linear heating rates from 1.8×104 to 1.8×105 °C/s. In order to 
provide insight into T-jump experiment results, the anaerobic and aerobic reaction mechanisms of 
Al/PTFE composite at low heating rate (20 °C/min) are investigated by differential scanning 
calorimetry/thermogravimetric analysis (DSC/TGA) with online evolved gas infrared absorption 
and mass spectrometry (FTIR/MS) measurements. Further XRD study of residues after Al/PTFE 
being heated to specified temperatures was performed to explore reactions of Al/PTFE under 
different temperatures in different gas environments. For the formulation and microstructure 
investigated, T-jump experiments show ignition temperature varies with heating rate from 650 °C 
to 950 °C in argon and from 550 °C to 800 °C in air. Several trends are observable in ignition 
temperature dependence on heating rate, pressure and gas. At 101 kPa pressure and a heating rate 
of 2x104 °C/s, ignition temperatures of Al/PTFE are roughly the same in air and argon. High-speed 
imaging observations suggest the high heating rate ignition of Al/PTFE in both argon and air 
appears dependent upon surface reactions of gaseous PTFE fragments or oxidized PTFE fragments 
with aluminum, and ignition appears controlled by gaseous species and species availability. Thus, 
ignition is improved dramatically at high pressure, where densities of gaseous species are 
increased, and spatial reactive length scales are reduced. These findings illustrate the interplay of 
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transport, pressure and heating rate on ignition of heterogeneous composite energetics such as MA 
Al/PTFE composite where gas/solid surface reactions are important to the ignition process. These 
findings are useful for predicting ignition of such materials at high heating rate and high pressure 
applications such as detonation and rocket propulsion. 
Introduction 
Aluminum and polytetrafluoroethylene (PTFE) nanoscale reactive composites are of 
particular interest as energetic materials due to their high energy density [1-3], fast combustion 
velocity [1], and high radiometric emission [2]. While energetic composites made from 
micrometer scale aluminum particles have relatively slow burning rates [1, 4], it has been shown 
that a reduction in aluminum particle size can expedite combustion rates through decrease of 
combustion diffusion limitations [4]. For Al/PTFE composites specifically, reduction in particle 
size can drastically increase flame propagation rate [1]. Aside from hypothesized reactivity 
enhancements which may be associated with reaction of the oxide layer during early combustion 
[5, 6], in heating of Al/PTFE energetics, a number of multiphase processes occur prior to bulk 
combustion. Specifically, pre-ignition reaction (PIR) of aluminum oxide with fluorine ions can 
occur, possibly releasing gaseous oxygen species [7, 8]. The initial steps of Al/PTFE reaction 
typically involve PTFE decomposition and in aerobic environments, its subsequent partial 
oxidation. Early reaction characteristics can significantly alter reaction pathways and rates, and 
considering that they result in production of advective gas phase products, thus the action of the 
aforementioned early reaction events on subsequent combustion energy release are heating rate 
dependent. 
While physical reduction of aluminum and PTFE particle size has proven effective at 
increasing reactivity and combustion velocity, nanoparticle fuels (e.g. nanoaluminum, nAl) are 
costly and the high specific surface area of nanoscale aluminum particles poses problems such as 
25 
aggregation, high viscosities in binder-based composites, and lower energy levels due to the 
relatively high oxide content of nanoscale Al particles [9, 10]. Ball milling MA method has proven 
effective at enhancing ignition and combustion of thermite composites and intermetallic reactions 
[3, 10-12]. Additionally, MA aluminum fuel with small quantities of fluorocarbons (i.e. fuel-rich, 
stoichiometry) or hydrocarbon polymers has been employed to decrease aluminum ignition 
temperature [9, 13, 14]. The use of such aluminum/polymer MA particles can enable dispersive 
particle combustion [15, 16] in some thermal regimes, resulting in improved aluminum ignition, 
combustion, and agglomeration characteristics in solid propellants [17]. The ignition of Al/PTFE 
MA composite particles, however, is complicated by the multiple inter/intra-particle length scales 
associated with MA particle combustion and the aforementioned multiphase effects of early 
reactions within the Al/PTFE system. Consequently, MA particle ignition is dependent upon both 
heating rate and gas conditions, which control thermal diffusion and species advection, 
respectively. Measurements of ignition temperature of fuel-rich (90/10 wt.%) Al/PTFE composite 
fabricated using different MA techniques under 101 kPa pressure indicate that the ignition 
temperature at 5x104 °C/s is 850 K and is weakly dependent upon heating rate [18]. However, 
there currently exists no experimental data on the high heating rate ignition of such composites in 
oxygen deficient conditions which are of importance to detonation enhancement applications [18]. 
Ignition of such composites in high pressure conditions relevant to rocket motors has not been 
explored.  
The aim of this paper is to investigate the effects of heating rate, gaseous oxidizer content, 
and pressure on the high heating rate ignition of Al/PTFE MA composite. Specifically, to inform 
high heating rate ignition experiments, reaction of Al/PTFE composite under anaerobic and 
aerobic heating are explored using DSC/TGA with FTIR-MS evolved gas analysis and XRD 
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analysis of products after the composite being heated to different temperatures. A linear, T-jump 
experiment is used within a windowed pressure vessel to investigate the ignition temperature in 
both oxidizing (air) and non-oxidizing (argon) gas environments.  
Experimental Procedures 
Al/PTFE manufacture 
Near stoichiometric Al/PTFE composite particles were prepared by MA ball milling 
method. For this work, a formulation containing 40 wt.% Al and 60 wt.% PTFE was used, as it 
was found that more fuel rich formulations (e.g., Al/PTFE 70/30 wt.%) did not ignite reliably in 
an argon gas environment. Briefly, Al (35 m, Valimet H30) and PTFE (≤ 12 μm, Sigma-Aldrich 
430943) were blended together in a ratio of 40/60 wt.%. Batches of 5 g of raw powder mixture 
were ball milled in 60 mL polyethylene jars (McMaster-42905T23) on a modified SPEX 8000 
shaker mill. A charge ratio of 19 was used which included 73 wt.% 9.53 mm and 27 wt.% 4.76 
mm 440C steel media (McMaster-Carr 9529K19 and 9529K13, respectively). As in previous 
studies [3], plastic milling containers were used rather than steel milling vials for consideration of 
safety due to the high intermediate gas production of the Al/PTFE stoichiometry used in this study 
and risk of milling autoignition. Further safety precautions described in Ref. [3] were followed to 
mitigate risk. In order to prevent aluminum oxidation during milling, the jars were filled with argon 
before ball milling. Arrested ball milling with a duty cycle of 1 min ON and 4 min OFF was used 
to mill the mixture for a total milling time of 30 minutes. In selection of this milling duration, the 
critical milling time resulting in ignition was first determined and milling time was restricted to 
approximately 80% of the critical mechanical activation treatment. The mill was enclosed in a 
reinforced, fan cooled steel box during milling for safety. Milled Al/PTFE composite was handled 
post milling in an argon glove box for safety where the composite was passivated prior to use by 
submerging milled composite in hexane and allowing the hexane to slowly evaporate in air. The 
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Al/PTFE composite particles were sieved to under 25 µm prior to use in order to ensure uniform 
particle heating during high speed filament ignition experiments.  
Al/PTFE characterization 
A Rigaku Ultima IV powder X-ray diffractometer (Cu-Kα) was used to characterize the as-
sieved composite particles using a scan speed of 4 °/min (2θ). Scanning electron microscopy 
(SEM) were conducted using a FEI Quanta 250 FE-SEM on sputter coated particles. The specific 
surface area of as-milled Al/PTFE was measured using the Brunauer-Emmett-Teller (BET) 
method. In BET preparation, 1 g samples were dried for 1 hr in a flow of 40 °C UHP nitrogen. 
The thermal decomposition (anaerobic) and oxidation (aerobic) mechanisms of Al/PTFE 
particles were determined using a Netzsch STA449 F1 simultaneous differential scanning 
calorimeter/thermogravimetric analyzer (DSC/TGA) with online (continuous) evolved gas 
analysis via both a Bruker Tensor 37 Fourier transform infrared spectrometer (FTIR) equipped 
with a high sensitivity multi-reflection IR light pipe and liquid nitrogen cooled MCT detector as 
well as a Netzsch QMS 403 Aeolos quadrupole mass spectrometer (MS). The simultaneous, time-
synchronous use of both IR absorption and MS gas diagnostics adds additional complexity to 
instrument timing. However, combination of both bond-based and mass-based detection 
techniques affords further confirmation of results and allows additional insight into complex 
decomposition processes yielding many mass spectra features from multiple species evolved 
simultaneously. The MS evolved gas analysis instrument is coupled for simultaneous measurement 
to the DSC/TGA via quartz capillary transfer tube. Experiments were conducted on about 4 mg 
samples of as-sieved Al/PTFE particles. Particles were heated to 800 °C at a heating rate of 20 
°C/min under a flow of 60 mL/min either dry air or UHP (5N) argon gas. Prior to the start of 
DSC/TGA experiments, the furnace chamber is drawn down to roughing vacuum pressure and 
backfilled with experimental gas one time to eliminate contamination. 
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The residue of Al/PTFE after being heated in DSC/TGA furnace to specified temperatures 
(which were picked based on DSC/TG results, typically after exo/endo-thermal events) in different 
gas environments was collected and analyzed with the same XRD procedure as used for 
charactering the as-sieved Al/PTFE composite particles. 
The change of DSC/TG curves is indication of reactions. FTIR/MS technology detects the 
gas phase products during a reaction while XRD of residue could confirm solid phase products. 
High-speed T-jump ignition experiments 
High-speed heating ignition experiments were conducted using an in-house fabricated T-
jump filament that can be fitted into a high pressure combustion vessel (Fig. 5a). T-jump operation, 
illustrated in Fig. 5b, is achieved through joule heating of a nickel chromium filament. A capacitor 
bank is charged to a desired voltage and used in place of a conventional power supply to power 
the filament wire heater. The T-jump filament is heated with an electrical pulse from the capacitor 
bank. In order to help facilitate linear heating, the capacitor bank is sized such that the amount of 
energy deposited to the filament is far lower than the capacity of the bank, and as such, bank 
voltage reduction during power deposition to the filament is low. The power system allows for 
voltages up to 500 V and pulsed currents as high as 2830 A, giving a maximum energy deposition 
rate of approximately 1.4 MW. Pulse duration is feedback controlled through integration of current 
in time, measured through a shunt resistor. Integrating current is similar to calculating power, but 
allows for some variation in filament wire contact resistance and length to be compensated for in 
the control system. Pulse control therefore can vary between 80 s for low set point high current 
events to as high as 50 ms depending on test conditions. Control of the high current pulse is 
achieved through an in-house fabricated multistage power electronics circuit consisting of an array 
of insulated gate bipolar transistors (IGBTs) and a silicon-controlled rectifier (SCR). The IGBTs 
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are utilized to interrupt the high currents found in this device which if unarrested, would melt the 
filament, producing an arc flash. During an experiment, voltage and current values across the 
filament are collected and saved using a high speed oscilloscope.  
Post processing of the data yields energy deposited over each time interval which can be 
integrated in time using a lossless joule heating model with temperature dependent specific heat 
in order to determine a time-resolved filament temperature. Results confirm that there is sufficient 
capacitance to treat the system as constant voltage, although calculations do not assume this. The 
filament alloy chosen for the experiments (Nichrome 60) has no significant electrical resistivity 
temperature dependence, so when coupled with the near-constant voltage from the capacitor bank, 
results in near-linear heating rates (Fig. 5c).  
In conducting T-jump experiments, a procedure similar to that of Refs. [19-21] was 
followed. Briefly, a thin layer of as-sieved Al/PTFE composite particles were dusted on top of a 
nickel-chromium ribbon heating filament (Nichrome 60, Jacobs Online, 1.59 mm wide, 78.74 m 
thick) using a brush. A ribbon shaped heating filament was used in order to enhance thermal 
contact of the flake morphology composite with the filament and to prevent powder from falling 
off the heated filament surface prior to ignition. The filament was loaded into a custom-made 
pressure vessel (Fig. 5a), which was pressurized using either argon or air prior to electrical filament 
heating. Though capable of heating rates up to 107 °C/s, the heating rate was limited to a maximum 
of 2x105 °C/s due to the oscillatory vibration of the filament that occurs due to rapid filament 
thermal expansion at high heating rate. High speed video of the combustion event (30.1 KHz) was 
recorded using a Phantom IR 300 high speed video camera (Vision Research) equipped with a 
long focal distance microscopic objective (Infinity Photo-Optical K2 Distamax). The oscilloscope, 
camera, and filament heating were started simultaneously using a TTL level trigger. The filament 
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temperature at time of ignition (hereafter referred to as ignition temperature for the purpose of 
studying the effect of heating rate and gas environments on the combustion behavior of MA 
composite material) was determined from high-speed video observation of first light of the MA 
composite combustion event. 
 
 
Figure 5: (a) Photo of T-jump experiment fitted inside windowed pressure vessel. (b) 
Schematic diagram of T-jump experiment. (c) Temperature vs. time history of T-jump 
experiment spanning the range of possible heating rates. 
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Results and Discussion 
Al/PTFE characterization 
X-ray diffraction of as-milled and sieved Al/PTFE particles (Fig. 6) shows that little 
reaction occurs during milling, and a small quantity of -AlF3 is formed. The formation of -AlF3 
has also been observed in milling of more fuel rich Al/PTFE composite [3]. The presence of 
amorphous AlF3 may also be possible, though could not be either confirmed or ruled out through 
FTIR transmission experiments (not shown). Calorimetry heat release measurements conducted 
on as-milled particles indicated the degree of -AlF3 formation and subsequent energy reduction 
of the more fuel-rich composites due to milling was minor [3].  
 
Figure 6: X-ray diffraction pattern from milled Al/PTFE particles (≤25 µm).  
Scanning electron micrographs (Fig. 7a) indicate the ball milled Al/PTFE particles are 
flake like in morphology. In micrographs, the light (bright) contrast and dark contrast show 
presence of Al and PTFE, respectively. Comparing Figs. 3a and 3b, it is evident that the surface 
of the composite has cracks and some visible voids. During the milling process, Al and PTFE 
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deform, fracture and mix with each other, thus increase the reactive interfacial surface area 
between Al and PTFE. New microstructure developed within Al/PTFE particles after ball milling. 
High and low magnification electron micrographs of 40/60 wt.% Al/PTFE particles (Figs 3a-c) 
show that mixing occurs on multiple length scales. Coarse-sized (about 10-20 µm) aluminum 
fragments are visible in low magnification micrographs (Fig. 7a), while high magnification 
micrograph indicates the presence of 0.5 to 2 µm aluminum fragments encased within a PTFE 
matrix (Fig. 7c). Despite the perceived large particle size and uniform coating of aluminum 
fragments observed in Al/PTFE particles, the specific surface area of the particles is 2.83 m2/g, 
which is similar to the specific surface area of more fuel-rich MA Al/PTFE investigated elsewhere 
[3]. As a result of the relatively high surface area, significant aging of the composites has been 
observed to occur [18]. 
 
Figure 7: Scanning electron micrographs of Al/PTFE (40/60 wt.%) composite particles at 
magnifications (a) 2000X. (b) 5000X. (c) 15,000X. In images, presence of aluminum and 
PTFE are indicated by light (bright) and dark contrast, respectively. 
Anaerobic thermal decomposition 
In order to better understand the combustion mechanism of Al/PTFE in interpretation of 
T-jump ignition, DSC/TGA experiments were conducted in both argon and air with online FTIR 
and MS analysis of evolved gases (Fig. 8 and Fig. 10). XRD of residue of Al/PTFE composite 
being heated to specified temperatures confirms solid products at different reactions. The results 
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of DSC/TG/FTIR/MS and XRD together give us a better understanding of the reactions 
mechanisms during slow heating. The description of anaerobic and aerobic decomposition 
mechanisms presented is meant to illustrate important findings relevant to T-jump ignition 
experiments and important differences in decomposition at this stoichiometry as compared to 
results at other more fuel-rich stoichiometries of Refs. [3, 18].  
The DSC/TGA of MA Al/PTFE in argon (Fig. 8a) shows heat flow and weight loss features 
that are qualitatively similar to those observed from more fuel rich 70/30 wt.% [3] and 90/10 wt.% 
[17] Al/PTFE stoichiometries. Describing the mechanism in light of information obtained from 
evolved gas analysis, PTFE starts to melt at around 314 °C and as the temperature increases, 
exotherm onsets at 440 °C as a result of the pre-ignition (PIR) reaction (1). The PIR between 
fluorine and alumina has been observed in a number of different situations [7, 8, 22] and occurs 
from fluorine ion replacement of hydroxyls on alumina surfaces and subsequent reaction with 
alumina to produce aluminum trifluoride. For MA Al/PTFE composite, it is possible fluorine ion 
replacement of hydroxyls on alumina surfaces occurs during and/or following ball milling. Oxygen 
released from the PIR is expected to form additional aluminum oxide or is released in trace 
quantity, as no O2 change is observable in MS data during the PIR. In heating up to 500 °C, a 2% 
weight loss accompanied by gradual heat release occurs. Gas evolution is low in this temperature 
range and no gaseous species are detectable via IR or MS signals. At 500 °C, significant weight 
loss and exotherm onset and C2F4 and CO2 IR absorption features are detected (Fig. 8b,c) and 
confirmed by MS spectra (Fig. 8d). CO+ and CO2+ ions indicate presence of CO2 and possible 
presence of CO as well. Ions of CF+, CF2+, C2F3+ and C2F4+ further confirm presence of PTFE 
decomposition products [23] in evolved gas as a result of (2). The appearance of CO2 at 500 °C 
has been observed by others [17] and we hypothesize results from oxidation of PTFE 
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decomposition products by oxygen released from alumina fluorination by gaseous PTFE fragments 
according to (3). Other explanations for CO2 observation in heating of PTFE in argon, include 
release of adsorbed CO2 from PTFE [24].  
 
 
Figure 8: (a) DSC/TGA of Al/PTFE in argon at 20 °C/min showing sample weight (top) and 
heat flow rate (bottom) as a function of furnace temperature. (b) Online FTIR absorption 
of DSC/TGA evolved gaseous products. (c) Selected FTIR absorption spectra and species at 
typical temperatures. (d) Mass spectra from DSC/TGA evolved gaseous products.  
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Exotherm from (3) continues to increase and peaks at 588 °C as a result of reaction of 
PTFE decomposition products with aluminum and aluminum oxide. Evolved gases observed by 
IR and MS during this rapid weight loss step include features of PTFE main decomposition product 
C2F4, and possible decomposition products C2F6, CF4, C3F6, C4F8 as observed in Ref. [25, 26] and 
increased release of CO2 and CO (Fig. 8b,c). Decomposition of PTFE is further confirmed by 
presence of ions of CF+, CF2+, C2F3+ and C2F4+ (Fig. 8d) during the rapid weight loss process. 
Trace amount of longer fluorocarbon fragments ions of CF3+, C2F5+ and C3F5+ are also detected 
[23]. Some HF is observed (Fig. 8c) which is consistent with observations of PTFE anaerobic 
thermal decomposition made by others [27]. After the primary exotherm at 588 °C, aluminum 
melting (4) is observed (660 °C). Weight loss ceases with a final weight of 62 wt.% indicating 
non-ideal PTFE reaction with aluminum at slow DSC/TGA heating rate since the ideal weight loss 
of fuel-rich Al/PTFE should be zero.  
XRD results of Al/PTFE residue after the sample being heated to 490 °C, 630 °C, 900 °C 
and 1200 °C are shown in Fig. 9. At first, tiny amount of -AlF3 shows up after 490 °C which 
indicates reaction of PTFE and Al2O3 before the majority of PTFE decomposes. Later, more -
AlF3 shows up as the temperature goes up to 630 °C which indicates reaction of PTFE and Al 
and/or Al2O3. At the same time, we observe production of Al4C3. Valluri et al. have shown that in 
fuel rich, anaerobic conditions, at temperatures above 600 °C, crystalline aluminum carbide, Al4C3, 
is formed [18]. As the temperature goes up to 900 °C, even more -AlF3 and Al4C3 show up in the 
products. At the temperature of 1200 °C, none of -AlF3 is detected which indicates that -AlF3 
decomposes at a temperature higher than 900 °C. The XRD results of Al/PTFE residue further 
confirm our assumptions of reactions between Al and PTFE during slow heating in argon. 
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Figure 9: XRD of Al/PTFE residue after heated at specified temperatures in argon with a 
heating rate of 20 °C/min. 
In summary of the anaerobic decomposition of MA Al/PTFE, the following important 
reactions are observed from DSC/TGA-MS/FTIR-XRD in order of increasing temperature: 
 Al2O3(s) + F-  -AlF3(s) + O2(g)  (1) 
 (C2F4)n(l)  CxFy(g)  (2) 
 Al2O3(s) + Al(s) + CxFy(g)  -AlF3(s) +Al4C3(s)+ CO2(g)  (3) 
 Al(s)  Al(l)  (4)  
 AlF3(s)  AlF3(g)  (5) 
Aerobic decomposition 
The reaction mechanism of Al/PTFE in air is quite different from that in argon. The DSC 
curve in air (Fig. 10a) shows similar low temperature heat release prior to and immediately 
following PTFE melting. Consistent with other studies [3, 18], the PIR is not explicitly apparent 
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at 440 °C as it is in argon and may be obscured by the observed subsequent exotherm onset 
accompanied by rapid weight loss. Two convoluted exotherm peaks are observed (Fig. 10a) at 510 
°C and 548 °C. The 450 °C onset temperature of this first exotherm and weight loss is also observed 
in DSC/TGA experiments conducted on similarly produced fuel-rich 70/30 wt.% MA Al/PTFE 
composite [3] and occurs at a lower temperature than Al/PTFE anaerobic decomposition (Fig. 8). 
Examination of IR absorption spectra (Fig. 10b) shows that during this exotherm event, CO2 is 
evolved, while oxidized fluorocarbon fragment evolution (i.e. COF2 species) onsets at higher 
temperatures of 510 °C. Early CO2 evolution is accompanied by evolution of small quantities of 
fluorocarbon fragments observed primarily by presence of CF3+, C2F3+ and C3F5+ ions in mass 
spectra (Fig. 10d). Low temperature formation of CO2 has been observed in DSC/TGA heating of 
pure PTFE in air. The oxidation of PTFE decomposition species (CxFy), resulting in liberation of 
CO2, CO, and COFy [27-29] according to (6a). Based upon the Al/PTFE reaction mechanism 
presented by Losada and Chaudhuri [30], we expect in the case of aerobic heating of MA Al/PTFE, 
COFy species lead to oxygen-fluorine exchange in aluminum oxide and fluorination of aluminum 
through pathways summarized in (6b). During the onset of weight loss associated with this reaction 
(450 to 500 °C), low PTFE decomposition rates (low weight loss rate) likely result primarily in 
formation of CO2, whereas at higher temperatures (i.e. above 500 °C), higher PTFE decomposition 
rates lead to higher product advection rates and correspondingly more efficient COF2 and CO2 
production by (6a and 6b) [28, 31]. This is consistent with IR absorption and MS measurements 
(Fig. 10c,d), which show increased presence of COF2 species at 548 °C as compared to 500 °C. At 
660 °C, an aluminum melt endotherm is observed, indicating incomplete aluminum fluorination. 
Sample weight starts to gradually increase at about 640 °C and lasts to the end of the heating profile 
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which can be seen from the TG curve. The increasing weight of the sample indicates aluminum 
oxidation by oxygen, and a third exothermal peak, at 687 °C, is observed. 
 
 
Figure 10: (a) DSC/TGA of Al/PTFE in air at 20 °C/min showing sample weight (top) and 
heat flow rate (bottom) as a function of furnace temperature. (b) Online FTIR absorption of 
DSC/TGA evolved gaseous products. (c) Selected FTIR absorption spectra and species from 
DSC/TGA evolved gases. (d) Mass spectra from DSC/TGA evolved gaseous products.  
After about 570 °C, the IR signal of CO2 and COF2 dropped a lot but is still detectable (Fig. 
10b) which evolves steadily until the end of the experiment at 800 °C. The existence of CO2 and 
60
70
80
90
100
W
ei
gh
t (
w
t.%
)
Al/PTFE in Air
0 100 200 300 400 500 600 700 800
Temperature (oC)
0
2
4
6
8
10
12
14
H
ea
t F
lo
w
 R
at
e 
(W
/g
)
TG
DSC exo
(a)
1000200030004000
Wavenumber (cm-1)
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
A
bo
so
rb
an
ce
(1)
(2)
(3) CO2
CO2
CO2
COF2
COF2
COF2
CO
(1)--241 oC
(2)--500 oC
(3)--548 oC
(c)
C3F7
+
C3F5
+
C2F5
+
C2F4
+
C2F3
+
CF3
+
CFO+
CF3O
+CF2O
+
CO2
+
In
te
ns
ity
C3F5
+
C2F3
+
CF3
+
CO2
+
20 40 60 80 100 120 140 160 180
m/z
In
te
ns
ity
MS at 547 oC in Air
MS at 500 oC in Air
(d)
39 
COF2 IR signal at high temperatures are likely due to oxidation of residual carbon and condensed 
phase carbon fluoride fragment.  
XRD results of Al/PTFE residue after being heated at 500 °C, 550 °C, 630 °C and 800 °C 
are shown in Fig. 11. At first, we observe both -AlF3 and tiny amount of -AlF3 after the sample 
being heated at 500 °C which indicates reaction between PTFE and Al2O3 before the majority of 
the PTFE decomposes. Wen-Zhi Jia et al [32] shown that -AlF3 is produced at direct fluorination 
of -Al2O3 while -AlF3 is produced when carbon is introduced to -Al2O3 and removed in oxygen 
after fluorination. Their result indicates different phase of AlF3 could be produced at various 
experiment conditions. As the heating temperature goes up, more AlF3 shows up at 550 °C. The 
intensity of both -AlF3 and -AlF3 stay basically the same as the temperature further goes up to 
630 °C but the intensity of Al decreases which indicates further consumption of Al due to oxidation 
of Al by oxygen. There is no obvious sign of Al2O3 production in XRD at 630 °C. While feature 
of -Al2O3 is seen in XRD when Al/PTFE composite is heated up to 800 °C. Recall that the TG 
curve shows that sample weight gain starts at about 640 °C, together with the XRD result, this 
indicates the start of aluminum oxidation by oxygen happens between 630 °C to 640 °C. As 
temperature further goes up, it’s believed that -Al2O3 will convert to more thermostable -Al2O3. 
On the other hand, there is no -AlF3 detected in the XRD signal at 800 °C which indicates that 
phase transition of -AlF3 to -AlF3 happened between 630 °C to 800 °C [32]. Comparing to the 
XRD results in argon, there is not any Al4C3 observed in the products.  
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Figure 11: XRD of Al/PTFE residue after heated at specified temperatures in air with a 
heating rate of 20 °C/min. 
In summary of the aerobic reaction of MA Al/PTFE, the following important reactions are 
observed from DSC/TGA-MS/FTIR-XRD in order of increasing temperature: 
 CxFy(g) + O2(g)  COF2(g) + CO2(g) + CO(g) (6a) 
 Al(s) + Al2O3(s) + COF2(g)  -AlF3(s) + -AlF3(s) + CO2(g) + CO(g)  (6b) 
 Al(s)  Al(l)  (7) 
 -AlF3(s)  -AlF3 (s)  (8)
 Al(l) + O2(g)  Al2O3(s)  (9) 
Considered together, the results of anaerobic and aerobic DSC/TGA-MS/FTIR 
experiments indicate the importance of reactions involving gas phase. In both anaerobic and 
aerobic heating, primary exothermic events are accompanied by evolution of gas, and early heat 
release appears to be governed by further reactions of PTFE decomposition fragments. 
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High heating rate ignition 
In order to observe the effects of gas environment on MA composite ignition temperature 
at application-relevant conditions, MA composite particles were ignited over a range of heating 
rates and pressures using the in-house fabricated T-jump experiment within a windowed pressure 
vessel.  
Fig. 12 shows montages of the reaction of Al/PTFE composite in both argon and air at low 
and high pressure with a heating rate of approximately 7.8×104 °C/s. Comparing the image 
sequences, it is clear that high pressure enhances the combustion process of Al/PTFE composite 
in both inert (argon) and oxidizing (air) gas pressurants. At low pressure, particles tend to disperse 
from the heated filament. However, at 3.55 MPa, very little particle dispersion during combustion 
is observed. While the effects of pressure on argon or air viscosity are minimal, the elevated 
pressure and density of the quiescent gas result in much less differential pressure generated from 
combustion and as a result, little combustion product expansion. It was not possible to observe 
particle burning times, as the camera field of view used to detect ignition was not able to observe 
the entire volume over which combustion occurred. In backlit experiments (results not shown), it 
is possible to observe the expansion in time of the heat affected gas thermal layer in high pressure 
experiments, and we observe that increased pressure reduces the thickness of the gas thermal layer 
near the filament. These results together suggest that at increased pressure, species and thermal 
advection from the filament are reduced and thermal energy and species remain more localized 
around particles.  
From the results of T-jump ignition experiments in argon (Fig. 13a), for heating rates of 
1.8×104 to 1.8×105 °C/s, the anaerobic ignition temperature of Al/PTFE composite is observed to 
vary from 650 °C to 950 °C. Ignition temperature increases with increasing heating rate at all inert 
gas pressures investigated. As pressure increases from 0.31 MPa to 6.99 MPa, ignition temperature 
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decreases with heating rate held constant. A similar ignition temperature dependence upon 
pressure was observed in the pressure regime of 3.5 MPa to 7.0 MPa at a heating rate of 1×105 
°C/s for boron/PTFE by Young et al. [33].  
 
Figure 12: Still-frame image sequences of Al/PTFE reaction in 0.31 MPa, 3.55 MPa argon 
and 0.10 Mpa, 3.55 MPa air. The heating rate for all image sequences is 7.8×104 °C/s.  
In an aerobic, air environment (Fig. 13b), we observe that ignition temperatures are all 
lower than those of similar pressure and heating rate conditions in argon except for experiments 
conducted in approximately 101 kPa air at the lowest heating rate of 1.8×104 °C/s, where ignition 
temperatures are similar in argon and air. These ignition temperatures are consistent with those of 
highly fuel-rich 90/10 wt.% high energy ball milled Al/PTFE measured by Valluri et al. [18]. We 
further observe that in an air environment, at 101 kPa pressure, ignition temperature increases with 
increased heating rate. An analogous relationship between heating rate and ignition temperature 
has been observed in investigations of the effect of variation of laser flux on the ignition delay of 
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Al/PTFE MA composite particles in 101 kPa pressure air [15]. Specifically, at laser fluxes below 
300 W/cm2, ignition delay was found to vary approximately linearly with flux. We observe at 
lower gas pressure of 101 kPa to 3.55 MPa that ignition temperature is strongly a function of both 
heating rate and pressure, and that increased pressure reduces ignition temperature. The ignition 
temperature dependence on pressure is higher for high heating rate than low heating rate. The 
ignition temperature sensitivity to heating rate is reduced as pressure is increased. At a pressure of 
6.99 MPa air, ignition temperature is observed to be independent of heating rate.  
 
Figure 13: Ignition temperature of Al/PTFE (40/60 wt.%) in (a) argon (b) dry air. 
Reactions between PTFE decomposition products and aluminum or aluminum oxide are 
significant to the ignition process in an inert gas environment. Ignition temperature dependence on 
pressurants and further backlit video evidence of the ignition and combustion process (Fig. 12) 
suggest that increasing pressure, while having little effect on gas properties of viscosity, specific 
heat, and thermal conductivity, increases density substantially. As a result, advective expansion of 
PTFE decomposition products remains more local near the particle, resulting in greater availability 
of PTFE decomposition products in reaction with aluminum and aluminum oxide. The reduction 
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of ignition temperatures in air as compared to argon pressurant suggests that reactions of PTFE 
decomposition products with air can expedite ignition, and the reduction of ignition temperature 
sensitivity to heating rate at high air pressures suggests that a critical availability of oxygen for 
reaction with PTFE decomposition products is reached. The result is further supported by the 
differences in initial PTFE decomposition in argon versus air in DSC/TGA-FTIR-MS experiments. 
Further, we hypothesize the high specific surface area of MA Al/PTFE particles improves 
diffusion between Al and PTFE particles (heat and species) in argon, and diffusion between Al, 
PTFE and oxygen in air which leads to reduced ignition temperature in high pressures where higher 
specific surface area translates to greater oxidizer (either fluorine species or oxygen) availability 
at the particle surface.  
Conclusions 
This effort reports on the ignition temperature of Al/PTFE 40/60 wt.% MA composite fuel 
over the heating rate range of 1.8×104 °C/s to 1.8×105 °C/s and over the pressure range of 101 kPa 
to 6.99 MPa in both dry air and argon. We observe in DSC/TGA experiments the significant early 
heat release from surface reactions of aluminum or aluminum oxide with PTFE decomposition 
products. In aerobic environment, we see much lower temperature PTFE decomposition, 
accompanied by early CO2 evolution. DSC/TGA results from this study show important reactions 
of Al/PTFE MA composite include reaction of decomposed PTFE fragments with interfaces 
(aluminum and aluminum oxide) or with oxygen to produce reactive COF2 species. XRD results 
of Al/PTFE products after being heated to specified temperatures show that in anaerobic 
environment, Al reacts with PTFE and produce -AlF3 while in aerobic environment, both -AlF3 
and -AlF3 are produced. In anaerobic environment, when Al/PTFE composite is fuel rich, Al4C3 
is produced while in aerobic environment, carbon from PTFE gets oxidized to CO2.  
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High heating rate T-jump ignition temperatures are observed to vary from 650 °C to 950 
°C in argon and 550 °C to 800 °C in air. Several interesting trends are observable in this data. 
Specifically, we note that ignition temperatures at the lowest tested heating rate and pressure are 
similar in both argon and air. Generally, ignition temperature increases with heating rate and 
decreases with gas pressure. We also observe a higher dependence of ignition temperature on 
pressure at higher heating rate, and for 6.99 MPa air, we observe independence of ignition 
temperature on heating rate. Imaging of the high-pressure ignition event shows at high pressure a 
significant reduction in advection, presumably of both gaseous decomposition products and 
available oxygen. Consideration of this, along with DSC/TGA results, illustrates the importance 
of transport effects and the interplay of transport, pressure, and heating rate on ignition of 
heterogeneous composite energetics such as MA Al/PTFE where volatilization of MA composite 
decomposition species and gas/surface reactions are important to the ignition process. These 
findings have important implications on the ignition of Al/PTFE MA composite within energetic 
materials and serve as useful data for the prediction of Al/PTFE ignition for a number of 
applications. 
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CHAPTER 3. COMBUSTION PERFORMANCE OF LASER PYROLYSIS-
SYNTHESIZED BORON NANOPARTICLES WITH 
POLYTETRAFLUOROETHYLENE  
Abstract  
Boron, as a potential solid fuel, has been studied by many researchers due to its high 
volumetric/gravimetric combustion enthalpy. However, it’s difficult for boron combustion to 
achieve near-theoretical oxidative enthalpy release due to its unique two-step reaction mechanism 
in which a low surface tension oxide layer surrounding a burning boron particle inhibits boron and 
oxygen from transporting to the flame zone. In this study, polytetrafluoroethylene (PTFE) has been 
included as an oxidizer to improve the combustion performance of boron. Mixture of 20 wt.% 
SB95 boron (micron size boron) and 80 wt.% Zonyl PTFE (SB95/PTFE) and mixture of 20 wt.% 
nano-size boron (10 ~ 15 nm) and 80 wt.% Zonyl PTFE (nB/PTFE) were made by sonication. The 
reaction mechanism of boron/PTFE mixtures was studied by DSC/TG-MS technology in both inert 
and oxidizing environments, specifically in argon and air. Results show similar reaction 
mechanism for both SB95/PTFE and nB/PTFE mixtures with a much lower reaction temperature 
for nB/PTFE. Pressurization rate of boron/PTFE reactions was also investigated in a constant 
volume pressure cell in both argon and air. The nB/PTFE mixture showed higher pressurization 
rate than SB95/PTFE in both environments. Ignition temperatures were measured at different 
pressures by T-jump method. Nano size boron and its mixture with PTFE showed much lower 
ignition temperature than SB95 boron and SB95/PTFE mixture. In general, results indicate that 
nano size boron has a much better ability to react with PTFE than SB95 boron and nB/PTFE has 
lower onset reaction temperature, higher reaction efficiency and more robust reaction than 
SB95/PTFE. 
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Introduction  
Boron has been studied as an energetic fuel by many researchers for its potential use as an 
energetic fuel additive for hybrid rocket motors and explosives [1-6]. The advantage of boron that 
makes it a promising solid fuel is its high potential combustion enthalpy which is only 
gravimetrically surpassed by beryllium [7]. However, for many applications, fast and complete 
extraction of its full energy remains elusive. Due to the high volatilization temperature (3930 °C, 
1 atm) and melting temperature (2080 °C) of boron, unlike aluminum, boron combustion in air 
occurs heterogeneously within a flame zone at the surface of the boron particle. On the other hand, 
naturally formed B2O3 layer on top of boron particles further inhibits boron combustion and lower 
its combustion efficiency. The combustion mechanism of boron reaction with oxygen has been 
well studied and consists of two stages [1, 8-10]. First stage combustion occurs when temperatures 
are lower than the boron oxide volatilization temperature (1860 °C, 1 atm). Unlike aluminum 
combustion, where the high surface tension of aluminum oxide results in accumulation of an oxide 
lobe on burning aluminum [11], the liquid boron oxide on the surface of boron particle forms an 
enveloping layer around the boron fuel as a result of the low surface tension of boron oxide. As 
the enveloping B2O3 layer grows, it slows down the transportation of boron and oxygen for further 
reaction. At higher particle temperatures in excess of 1860 °C, second stage combustion occurs, 
during which B2O3 volatilizes and reaction of boron with oxidizer occurs at the surface of the 
particle.  
The aforementioned differences in boron combustion physics, in comparison to aluminum, 
result in significantly longer boron burning times and ignition delays [12]. The well accepted 
causes of boron combustion deficiencies include (1) the presence of the diffusion limiting boron 
oxide layer on the boron surface during first stage combustion and (2) the kinetic favorability of 
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formation of HBO2 and difficulty in subsequent reaction progress to form lower energy state B2O3 
combustion products in the presence of hydrogen containing environment [12].  
A number of strategies have been attempted to enhance boron combustion efficiency, 
including recent efforts involving addition of lower ignition temperature, readily volatilizing metal 
fuels such as magnesium [5, 13, 14] or utilizing nanoscale boron [4]. Incorporation of magnesium 
fuels have most notably resulted in improvements to boron combustion efficiency; in subscale 
model ramjet configurations, addition of 10 wt.% magnesium to boron/HTPB fuel grains resulted 
in an increase in boron combustion efficiency from 84% to 90 - 94% [5]. Reduction in particle 
sizes have also been shown to positively affect boron combustion. Nanoscale boron particles, with 
higher surface area and better reactivity have been demonstrated to improve reaction [14]. Ignition 
delay times of boron combustion in a high pressure (8.5 atm) shock tube in pure oxygen at a 
temperature of 2550 K were found to decrease from 400 - 800 μs to 30 - 50 μs as boron particle 
size decreased from 15 µm to 1 µm [15]. Particles size can also affect the optical absorption 
especially near-infrared and visible absorption (550 - 1100 nm) properties of boron when 
considering laser ignition [16]. Smaller particles have proportionately more coating and less core 
which results in overall larger absorption coefficients [16]. In modeling hybrid combustor 
configurations, use of nanoscale boron in paraffin fuels has been demonstrated to result in about 
80% boron combustion efficiency [4].  
Separately, addition of fluorine containing oxidizers has proven highly beneficial in 
decreasing boron ignition delay and enhancing boron combustion [3, 12, 17-19]. It has been found 
that the addition of fluorine oxidizer can mitigate the formation of HBO2 through favorable 
formation of OBF and BF3 gaseous species [17]. The formation of BF3, which is gaseous at all 
practical temperature and pressure conditions, rather than liquid B2O3 species further reduces 
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diffusion limitations of boron combustion. Models of the gasification process of boron oxide in 
presence of fluorine gaseous species [3] indicate addition of small quantities of fluorine to 
boron/oxygen combustion systems can significantly increase boron oxide gasification rates and 
suggest that boron oxide gasification by fluorine is kinetically controlled over a wide range of 
relevant boron diameters and combustion regimes.  
Polytetrafluoroethylene (PTFE) has been considered in a number of studies for promotion 
of boron combustion [1]. Young et al. studied the ignition of boron/PTFE mixtures as a function 
of boron content and air pressure. Results showed a direct dependence of ignition temperature 
upon B/PTFE equivalence ratio and inverse relationship of ignition temperature on pressure [9]. 
Young et al. also studied the regression rate of B/PTFE and results showed that within the studied 
range (B/PTFE with a boron content of 10 wt.% to 40 wt.%), regression rate increases as both 
boron content and/or oxidizer impingement velocity increase. At the same time, FTIR studies and 
visible emission spectroscopy confirmed both BF3 production and boron oxidation. XRD of post-
combustion residues indicated formation of BC4 produced under low O/F ratio [1]. Shidlovskii et 
al. studied the effect of gas pressure on combustion rate of mixtures containing boron and PTFE, 
finding boron burning rate increases with increasing pressure for boron/PTFE mixtures with 19.5 
wt.% and 40 wt.% boron, while combustion rate stayed the same for mixture with 12.8 wt.% boron 
[20]. Study of the effects of stoichiometry on combustion rate of boron/PTFE mixtures containing 
10 wt. % to 60 wt.% boron showed that mixture with 40 wt.% boron exhibited the highest burning 
rate [20]. Separate study of self-deflagration of boron/PTFE (20 - 80 wt.%) mixture by Connell, et 
al. showed that B/PTFE self-deflagration starts at a pressure of 2.2 MPa in inert N2  gas [21].   
In our study, nano size boron down to 10-15 nm has been used to study boron combustion 
performance with comparison of sub-micron size boron (0.8 m). Nanoscale particles have larger 
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surface area and better reactivity which have been used in various areas to improve boron reaction 
[22]. On the other hand, there is limited studies on the ignition temperature of nano size boron 
energetics in high speed heating.   
The nano size boron used in our study was made by the State University of New York, at 
Buffalo, with a method of CO2 laser-induced pyrolysis of a mixture of B2H6 and SF6 [23]. The 
freshly made nano size boron is amorphous, oxide free, with a purity of 92.4 wt.% and small but 
detectable amounts of sulfur and fluorine [23]. The surface area of nano size boron was found to 
be 10 times of commercial available amorphous boron with a diameter of 0.4-0.9 m which makes 
nano size boron much more reactive in gas-surface process [23].  
DSC/TGA-MS method was used to study the combustion mechanism of B/PTFE 
composites at low heating rate under both anaerobic (argon) and aerobic (air) environments. T-
jump method was used to study the ignition temperatures of B/PTFE composites at different 
pressures and gas environments. At last, small constant volume bomb experiments were done to 
study the pressurization rate of B/PTFE combustion under oxidizing/non-oxidizing environments.  
Experimental Procedures 
Boron/PTFE preparation 
Formulations containing 20 wt.% boron and 80 wt.% PTFE were prepared by sonication. 
Two kinds of B/PTFE compositions were made with different boron particles: (1) laser pyrolysis-
synthesized nano boron (nB) with a particle size of 10 ~ 15 nm [23] and (2) SB95 boron (SB Boron 
Corp.) with a particle size of about 0.8 m. The laser pyrolysis-synthesized particles and their 
reactivity with water are characterized in Refs [23]. Both nano size boron and SB95 boron are 
amorphous powder with some degree of B2O3 on the surface. Zonyl PTFE (Chemours, ZonylTM 
PTFE, MP1100) was used with a particle size of about 0.2 m. 3 g of raw powders (B/PTFE, 20/80 
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wt.%) were mixed through sonication (Branson Digital Sonifier, Models 250 & 450) with ethanol 
as solvent. Mixtures were sonicated for 5 min with 40% of its full amplitude to achieve a thorough 
mix. The solutions were dried under a vacuum oven and the mixtures were sieved to under 150 
µm (No. 100 sieve) prior to use to break agglomeration.  
Boron/PTFE characterization 
Scanning electron microscopy (SEM) of as-sonicated compositions was conducted using a 
FEI Quanta 250 FE-SEM. Energy dispersive X-ray spectroscopy (EDS) elemental maps were 
conducted using an Oxford Aztec detector in order to ascertain the degree of mixing. X-ray 
diffraction measurements of combustion products from small volume combustion bomb 
experiments were conducted using a Rigaku Ultima IV powder X-ray diffractometer (Cu-K) with 
a scan speed of 4 °/min (2θ).   
The anaerobic and aerobic thermal decomposition/oxidation of neat boron and as-sonicated 
B/PTFE composites at low heating rate were measured using a Netzsch STA449 F1 simultaneous 
differential scanning calorimeter/thermogravimetric analyzer (DSC/TGA) with online evolved gas 
analysis via a Netzsch QMS 403 Aeolos quadrupole mass spectrometer (MS). The MS evolved 
gas analysis instrument was coupled to the DSC/TGA via 200 °C heated capillary transfer lines. 
Experiments were conducted on 4 mg samples heated to 1100 °C at a heating rate of 10 °C/min 
under a flow of either dry air or UHP argon gas. For MS measurements, a mass scan range of 10 
to 180 m/z was used, with a scan speed of approximately 3 °C per spectrum. 
High-Speed T-jump ignition experiments 
In order to assess the ignition temperature of energetic composites, T-jump experiments 
were conducted using the equipment and procedure which is similar to what is used by others [24-
26]. Briefly, a thin layer of boron or B/PTFE composite particles were dusted onto the top of a 21 
mm long, flat nickel-chromium ribbon heating filament (Nichrome 60, Jacbos Online, 1.59 mm 
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wide, 78.74 m thick). Flat heating filaments were used to obtain a more favorable conduction and 
radiation environment between boron or B/PTFE composite particles and the filament. The T-jump 
filament was affixed horizontally in a removable filament holder which was then loaded into a 
custom-made, windowed, high-pressure vessel (Fig. 12a). The pressure vessel was pressurized 
using either industrial grade argon or air prior to heating. For argon experiments, the pressure 
vessel was pressurized to 3.55 MPa and vented three times prior to ignition. 
Heating of the filament is achieved by energy discharge from a high voltage, high 
capacitance capacitor bank using custom fabricated charge and triggering circuitry. The circuit 
enables high-heating rate, nearly time-linear temperature histories to be applied to the energetic-
dusted filament. In order to prevent filament melting (above 1150 °C) and subsequent plasma arc 
flash, the heating circuit employs an online energy integrator circuit that arrests filament heating 
prior to achieving its melting temperature. Filament voltage and current are measured online 
during the experiment and are used post-experiment to compute the filament temperature history 
using a lossless joule heating model with temperature-dependent filament properties. Fig. 14b 
shows examples of typical filament temperature histories. The heating and ignition event is 
observed using a T-jump triggered high-speed video camera (Vision Research, Phantom ir300, 
30.08 kHz) equipped with a long focal distance microscopic objective (Infinity Photo-Optical K2 
Distamax). Ignition time was identified by observation of first light via the camera record, and 
filament temperature at ignition (hereafter referred to as ignition temperature) was determined 
from the calculated temperature history. 
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Figure 14: (a) T-jump experiment configuration. (b) T-jump filament temperature histories 
over the range of heating rates used. 
Confined combustion experiments 
In order to ascertain combustion rate of B/PTFE composites, small-volume combustion 
bomb tests were conducted in which the pressurization rate of B/PTFE composites combustion 
was measured under both argon and air. Samples of 100 mg of B/PTFE composites were weighed 
in combustion crucibles that were placed in a 329.1 cm3 volume high pressure combustion bomb 
(Fig. 15). The bomb was sealed and pressurized to 2.51 MPa (364.7 psia) using either commercial 
grade argon or air. For experiments conducted in argon, the combustion bomb was pressurized and 
vented three times prior to the experiment. Ignition of the composites was achieved using a 7.62 
cm long, 24 AWG (0.5105 mm, Consolidated Electronic Wire & Cable) nickel-chromium wire. 
Pressure during the ignition and subsequent combustion event was recorded using a dynamic 
pressure transducer (PCB Piezotronics, PCB 113B22, 146.2 mV/MPa) connected to 
instrumentation (DAQ system, NI9215), allowing capture of both the pressure rise event and peak 
pressure resulting from combustion. Data was post-processed and the pressurization rate (dP/dt) 
was calculated as the steepest slope of the pressure rise history.  
57 
 
 
Figure 15: Diagram of small volume combustion test. 
Results and Discussion 
B/PTFE composite characterization 
Electron micrographs (Fig. 16) show that the morphology of both SB95/PTFE and 
nB/PTFE. From the SEM, we notice agglomeration of both SB95/PTFE and nB/PTFE. Zonyl 
PTFE is in a highly spherical shape (not shown). Examination of EDS images (Fig. 17), inferring 
boron location by presence of elemental boron and oxygen, and presence of PTFE from 
simultaneous presence of carbon and fluorine. Boron and PTFE are well mixed in a microscale 
length in both nB/PTFE and SB95/PTFE. While the overall structure of nB/PTFE is smaller than 
SB95/PTFE.  
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Figure 16: SEM of (left) nB/PTFE. (right) SB95/PTFE at a magnification of 5,000X. 
 
Figure 17: EDS of nB/PTFE (left) and SB95/PTFE (right). 
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Thermal reaction mechanisms of boron and B/PTFE composites 
Boron reactions in argon and air 
DSC/TGA experiments conducted on neat boron particles in argon (Fig. 18a) show no 
weigh change or significant endo/exothermic heat flow up to 1100 °C for both nano boron and 
SB95 boron. There are no endothermal or exothermal reactions happened during the heating range 
which indicates that boron is stable in argon under 1100 oC. Literature review of other thermal 
studies conducted on amorphous boron did not see endo/exothermic features occur under 1100 oC 
either. The transformation of amorphous boron to the crystalline α-rhombohedric (~1300 °C onset) 
and subsequent transformation of α-phase to the metastable β’ and β’’ phases (~1550 through 1660 
°C) and final transformation to stable β-rhombohedric (~ 1710 °C) are observed [27, 28]. 
 
 
Figure 18: DSC/TG of SB95 boron and nano boron in (a) argon and in (b) air.  
Upon heating of neat boron powders in air (Fig 18b), we generally observe both weight 
gain and heat release during boron oxidation. The weight gain speed indicated by the slope of the 
TG curve can reflect the boron oxidation speed. Nanoscale boron oxidation occurs at a really low 
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temperature, onsetting at 200 oC with slow heat release. Later, accelerated oxidation of boron 
onsets at 450 °C.  Exothermal peak shows up at 548 oC. The oxidation speed slows down later at 
550 oC. The final weight gain of nano boron is 120%. Nano boron oxidation is not complete, and 
more weight gain is expected if nano boron is heated continuously or to a higher temperature. 
Recall that there is small but detectable sulfur and fluorine in the nano boron material, but early 
oxidation can be assured to be boron oxidation due to weight gain at 200 oC since the oxidation of 
sulfur or fluorine will cause weight loss. 
The different oxidation speed during the whole heating range can be explained by the 
properties of the B2O3 layer. B2O3 acts as a barrier between oxygen and unreacted boron. Before 
B2O3 melts, the oxidation of nano boron reaction is solid-gas reaction. Oxygen or boron has to 
diffuse through the oxide layer to react with each other. As the temperature reaches B2O3 melting 
temperature, the barrier becomes weaker, the diffusion of reactants through the oxide layer is 
expedited. Later, boron oxidation slows down as the oxide layer reach certain thickness.  
For SB95 boron, the oxidation reaction below 500 oC was neglectable and more obvious 
weight gain can be seen at around 500 °C with accelerated oxidation onsetting at 730 °C. The 
oxidation reaction slows down at about 800 oC. The total weight gain of SB95 boron is 140%, and 
incomplete oxidation of SB95 boron is expected based on the continuous increasing TG curve at 
the end of the heating temperature. Although SB95 boron shows similar behavior of oxidation as 
nanoscale boron, the onset temperatures of slow and fast oxidation of SB95 boron are much higher 
than that of nano boron.  
The lower onsetting oxidation temperature of nano boron (~200 °C) comparing to SB95 
boron (500 oC) indicates nanoscale boron is more reactive and the initial oxide layer of B2O3 on 
nano boron is much thinner than the oxide layer on SB95 boron. On the other hand, SB95 boron 
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did not start to gain weight until the heating temperature is over boron oxide melting temperature 
which indicates that the initial B2O3 layer is thick enough to prevent SB95 boron from further 
oxidation under 500 °C.  
The extreme low onset temperature of nanoscale boron oxidation was verified by hot plate 
(a Fisher Scientific Hot Plate/Stirrer, 11-100-49SH was used) experiments in which nanoscale 
boron particles were dropped onto a hot plate. With a temperature as low as 300 °C, immediate 
particles ignition of nanoscale boron and light emission were seen. In hot plate experiments, 
ignition of SB95 boron was not observed even at the highest possible temperature of 540 °C. From 
separate but similar heated plate experiments conducted on nickel/aluminum particles, particle 
heating rates upon contact with the hot plate have been estimated by high-speed IR thermal camera 
observation to be between 102 to 103 °C/s [29].  
B/PTFE composite reactions in argon and air 
DSC/TG of B/PTFE compositions was conducted in both argon and air to study their 
reaction mechanism. MS was used to monitor the gas products evolution at the same time. DSC/TG 
data of pure Zonyl PTFE was also collected for comparison. 
From the reaction in argon (Fig. 19a), we can see that nB/PTFE starts to lose weight at 
about 327 oC which is way lower than pure PTFE (at about 500 oC). The early weight lost onset 
indicates gases release reactions happened other than PTFE decomposition. MS data shows tiny 
CO2 increment and slow decrement of O2 level at this low temperature which indicates PTFE 
oxidation. Even though it’s supposed to be anaerobic environment (very low O2 concentration was 
detected by MS), we assume that nanoscale boron acts like catalyst for PTFE and lower its 
oxidation temperature. The first exothermal peak shows at about 382 oC, corresponding MS data 
(Fig. 19c) shows there are C2F4 and BF3 gases produced as low as about 400 oC and 420 oC, 
respectively (PTFE starts to slowly decompose at about 350 oC). Small amount of C3F6 was 
62 
detected starting at the temperature 500 oC. BF3 gas evolution suggests that nano boron or its oxide 
coating reacts with PTFE decomposition gases and release heat. As the heating temperature goes 
up, fast PTFE decomposition happens at 540 oC. PTFE decomposition is endothermal which is 
indicated by the DSC curve in Fig. 19b. As the PTFE decomposition speeds up, the reaction 
between nano boron and PTFE decomposition gases speeds up too which is exothermal. The heat 
released from reaction between PTFE decomposition gases and nano boron overcomes the heat 
absorbed for PTFE decomposition, and the most heat release is seen at about 587.6 oC.  
For SB95/PTFE composite, early PTFE oxidation in very low concentration of O2 is not 
quite seen on the TG curve as nB/PTFE composite even though the MS data suggests that there is 
CO2 produced at a temperature as low as 200 oC. MS data indicates BF3 production in SB95/PTFE 
starts at 520 oC which is much higher than nB/PTFE mixture (420 oC). As PTFE decomposes faster 
at 540 oC, endotherm shows up in the DSC curve. Similar to nB/PTFE, as the reaction between 
SB95 boron and PTFE speeds up, the heat released from the reaction outgrows the heat needed for 
PTFE decomposition. The exothermal peak of SB95/PTFE reaction shows up at about 606.5 oC.  
For nB/PTFE, the overall heat release is positive over the whole heating range while the 
overall heat release for SB95/PTFE is negative over the whole heating range. The overall weight 
loss of nB/PTFE is about 67 wt.% while the weight loss of SB95/PTFE is about 80 wt.%. Less 
weight loss of nB/PTFE comparing to SB95/PTFE indicates that more PTFE decomposition gases 
reacted with boron for nB/PTFE composite than for SB95/PTFE composite. Another difference 
between nB/PTFE and SB95/PTFE reactions is the ratio of BF3 to C2F4 of nB/PTFE is higher than 
that of SB95/PTFE which indicates more BF3 gas produced in the reaction of nB/PTFE than 
SB95/PTFE. The reason for the difference between nB/PTFE and SB95/PTFE could be the particle 
size of boron and the thickness of their corresponding oxide layers. Micron size particle is 
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generally less active than its nano size counterpart due to less contact area between boron particles 
and PTFE. At the same time, naturally formed B2O3 layer on nano boron is thinner than the one 
on SB95 boron which further increases the reactivity between nano boron and PTFE. In general, 
reaction between nano boron and PTFE is much easier than SB95 boron and PTFE, thus, more 
boron reacted with PTFE and more heat is released for nB/PTFE composite than SB95/PTFE 
composite.  
 
 
Figure 19: TGA (a) and DSC (b) of B/PTFE mixtures and PTFE in argon (10 °C/min). (c) 
MS gas evolution of nB/PTFE (d) and SB95/PTFE. 
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TG/DSC together with MS of B/PTFE composites were also conducted in air to study the 
combustion behavior of B/PTFE under oxidizing environment. Pure Zonyl PTFE was also tested 
for comparison. 
From Fig. 20a-b, we observe that for pure PTFE, it melts at 316 oC. As temperature goes 
up, fast weight loss of PTFE starts at 500 oC (Fig. 20a). At the same time, exotherm is seen in the 
DSC curve (Fig. 20b) and the peak temperature is 564.7 oC. At the end of the heating temperature, 
all PTFE reacted with oxygen, the weight becomes zero. 
For nB/PTFE composite, slow weight gain starts at 200 oC which is nano boron oxidation. 
The slow weight gain of nano boron indicates the initial B2O3 coating is thin and nano boron is 
super reactive. The same result was observed in the DSC/TG experiment of nano boron in air. As 
the temperature goes up, weight loss of nB/PTFE starts at about 420 oC (Fig. 20a) and slow heat 
release is observed with a maximum heat release at around 541 oC. The weight loss of nB/PTFE 
starts earlier than the weight loss of pure PTFE. MS data of nB/PTFE shows gas evolution of BF3, 
COF2 and CO2 which indicates that both boron fluorination and PTFE oxidation happened during 
this temperature. Trace of C2F4 is also detected which indicates that PTFE decomposes first and 
then gets oxidized by oxygen. Boron oxidation is expected during the whole heating temperature 
range. As the temperature goes up, there is a second exotherm with a peak at around 580 oC. Small 
weight gain is observed at the same time which is due to boron oxidation reaction.  
For SB95/PTFE in air, reactions start at about 420 oC (same as nB/PTFE) as shown by 
weight loss in the TG curve (Fig. 20a), and slow heat release is seen at the same time. 
Corresponding MS shows there are BF3, CO2 and COF2 produced, trace of C2F4 is also detected. 
As the temperature goes up, more BF3, CO2 and COF2 gases are produced which indicates that 
both boron fluorination and PTFE decomposition/oxidation increased. More heat release can be 
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seen at the same time in the DSC curve. The first exothermal peak shows at around 545 oC (Fig. 
20b). Later, a second exotherm starting at about 788 oC can be seen with the peak at 821 oC. There 
is weight gain accompanied the second exothermal event which indicates boron oxidation. Since 
there is no weight gain during about 530 oC to 780 oC, SB95 boron oxidation by oxygen is not 
started until about 788 oC. The fact that the heat release (by integrating the area under the 
exotherm) of nano boron and SB95 boron during PTFE decomposition is more than the heat release 
from pure PTFE also indicates that there are reactions between boron or B2O3 and PTFE happened 
during PTFE decomposition which are exothermal.  
 
Figure 20: TGA (a) and DSC (b) of B/PTFE mixtures and PTFE in air (10 oC/min). 
(c) MS gas evolution of nB/PTFE (d) and SB95/PTFE in air.  
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The final weight loss of nB/PTFE is 75 wt.% while the final weight loss of SB95/PTFE is 
68 wt.% which means more gas products were released in nB/PTFE reaction than SB95/PTFE 
reaction. The only gas product besides PTFE decomposition/oxidation gases is BF3. Thus, more 
weight loss indicates more BF3 production. In another word, more boron reacted with PTFE in 
nB/PTFE composite than SB95/PTFE composite. 
High heating rate T-jump ignition experiments 
The heating rate is selected in between 1.4×104 - 3.3×105 oC/s for high heating ignition 
experiments to mimic real application condition in hybrid rocket engine. Absolute pressures of 0.1 
MPa and 3.2 MPa were used to investigate the pressure influence on ignition temperatures. For 
both SB95 boron and SB95/PTFE composite in air at atmospheric pressure, there was no obvious 
ignition or combustion behavior observed within our heating rate. More specifically, it’s hard to 
identify the ignition temperature either because of the material didn’t ignite or because their 
emission was too dim comparing to the hot filament. For SB95/PTFE in argon even at a high 
pressure of 3.2 MPa, no obvious ignition was observed. The results are similar to Gregory Young’s 
work [9]. On the other hand, T-jump experiments show that nano boron has a very low ignition 
temperature. At a heating rate of about 1.5×104 oC/s, the ignition temperature of nano boron is 
about 330 oC in air. At a heating rate of about 3.1×105 oC/s, the ignition temperature of nano boron 
is about 573 oC in air. The hot plate result of nano boron has proven its high reactivity. Comparing 
to nano boron, the ignition temperature of nB/PTFE composite is about 120 oC higher in air at 
atmospheric pressure due to a higher ignition temperature of pure PTFE. 
From Fig. 21, we observe that all ignition temperatures increase with the increase of 
heating rate which is the same trend as what Gregory Young observed [9]. This is very useful 
information for solid fuel application in reality which can be used for preventing ignition failure.  
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At a high pressure of 3.2 MPa in air, the ignition temperature of SB95/PTFE is in the range 
of 450 oC to 650 oC. While the ignition temperature of nB/PTFE is about 130 - 200 oC lower than 
SB95/PTFE. The B/PTFE composites were also heated in argon with only successful ignition of 
nB/PTFE under the pressure of 3.2 MPa. The ignition temperature of nB/PTFE varies from about 
500 oC to 750 oC within the heating rate. The results indicate that ignition of B/PTFE composites 
becomes much easier when pressure is applied. Increasing pressure can increase gas density 
substantially and as a result decrease advective expansion of gaseous reactants. In another word, 
high pressure can keep PTFE decomposition gases more local near boron particles, resulting in 
greater availability of PTFE decomposition products in reaction with boron and boron oxide. 
Comparing to Gregory Young’s work [9], the ignition temperatures of nB/PTFE composite 
in this study are much lower than his. The reason can be attributed to the different physical 
properties of both nano boron and PTFE. First, nano boron has been proven to be much more 
reactive than SB95 boron from early DSC/TG experiments. Second, Zonyl PTFE (spherical, 0.2 
m) used in this work has a much smaller diameter size comparing to the 7C PTFE (Strand, length 
≥ 100 m) used in Gregory Young’s work. 
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Figure 21: (a) Ignition temperature of boron and B/PTFE composites at low pressure (0.1 
MPa). (b) ignition temperature of B/PTFE composites at high pressure (3.2 MPa). 
Pressurization rate experiments 
The pressure change of SB95/PTFE and nB/PTFE reactions were measured in both air and 
argon at a pressure of 2.17 MPa in a small volume bomb. The pressurization rate was estimated 
by linear fitting the fastest pressure rising event. A set of typical pressure changes are plotted in 
Fig. 22a for each situation. The average pressurization rate of three experiments and one standard 
deviation are listed in Table 1. The pressurization data indicates that the pressurization rate of 
nB/PTFE in argon is about 2.5 times higher than that of SB95/PTFE. While the pressurization rate 
of nB/PTFE in air is about five time higher than that of SB95/PTFE. From the DSC/TG-MS data, 
we know that nano boron has a higher efficiency when reacts with PTFE than SB95 boron. And, 
nB/PTFE produces more BF3 gas than SB95/PTFE and releases more heat which make the 
pressurization rate of nB/PTFE reaction higher than SB95/PTFE reaction.  
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The pressurization rate of SB95/PTFE in air is about 0.98 MPa/s which is similar to its 
pressurization rate in argon (1.06 MPa/s), the highest pressure of SB95/PTFE in air is similar to 
that in argon. While for nB/PTFE, the pressurization rate in air is 6.25 MPa/s which is about 67% 
higher than its pressurization rate in argon (3.75 MPa/s), the highest pressure of nB/PTFE in air is 
42% higher than that in argon.  
 
Figure 22: (a) Pressure history from small volume bomb tests in air and argon with an 
initial pressure of 2.17 MPa. (b) XRD of B/PTFE residue after small volume bomb tests in 
argon. 
Further, the residue of B/PTFE combustion in argon was collected and characterized by 
XRD (Fig. 22b). The results indicate that the reaction of B/PTFE is incomplete, leftover PTFE is 
seen and graphite is produced. Once ignited, the heat released from PTFE and SB95 boron reaction 
is not enough for the heat needed for further PTFE decomposition, thus, the reaction between SB95 
boron and PTFE ceased and unreacted PTFE is left. Smaller amplitude of PTFE peak in nB/PTFE 
residue than that of SB95/PTFE indicates that more reaction happened between nano boron and 
70 
PTFE and the heat released further enhanced more PTFE decomposition. Boron is also expected 
in the residue but not shown in XRD due to its amorphous phase.  
Table 1: Summary of pressurization rates of small volume bomb tests. 
Composition Pressurant
Avg. Pressurization Rate 
(MPa/s) 
nB/PTFE Air 6.25 ± 1.00 
nB/PTFE Argon 3.75 ± 0.66 
SB95/PTFE Air 0.98 ± 0.12 
SB95/PTFE Argon 1.06 ± 0.12 
Conclusions 
DSC/TG experiments show that nano boron gets oxidized at a much lower temperature 
than SB95 boron which indicates that nano boron is more reactive than SB95 boron. 
Correspondingly, DSC/TG-MS results show earlier reaction of nB/PTFE than SB95/PTFE which 
indicates nano boron has a better ability to react with PTFE than SB95 boron. The oxide layer on 
top of nano boron is expected to be thinner than SB95 boron, plus there is much more surface area 
in nano boron than SB95 boron to react with either oxygen or PTFE. More heat released from 
nB/PTFE reaction than SB95/PTFE in argon indicates more reaction happened between nano 
boron and PTFE, accordingly, MS results show more BF3 gas released from nB/PTFE reaction. 
Thus, the reaction of nB/PTFE is more efficient than that of SB95/ PTFE.  
High heating rate T-jump experiments show that SB95 boron or SB95/PTFE composite 
ignite poorly within the heating rate investigated while nano boron and nB/PTFE composite burn 
easily. The ignition temperature of nano boron is in the range of 330 oC to 570 oC while SB95 
didn’t ignite within the heating rate explored. The ignition temperature of nB/PTFE is about 130 
oC lower than that of SB95/PTFE in air with an initial air pressure of 3.2 MPa. The ignition 
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performance of nano boron, SB95 boron and their composites also shows that nano boron has a 
better reaction ability to react with either oxygen or PTFE oxidizers than SB95 boron. Application 
of pressure on B/PTFE composites increase the ability of gaseous products to react with boron and 
boron oxide. 
The pressurization rate of nB/PTFE is higher than SB95/PTFE in both air and argon. The 
pressurization rate of nB/PTFE in argon is about 2.5 times higher than that of SB95/PTFE while 
the pressurization rate of nB/PTFE is about five time higher than that of SB95/PTFE in air. 
Pressurization data suggests that nB/PTFE reaction is more efficient than SB95/PTFE and 
nB/PTFE reaction releases more gas products and heat in a faster way. 
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CHAPTER 4. MECHANICALLY ACTIVATED B/AL/PTFE COMPOSITES: EFFECTS 
OF MECHANICAL ACTIVATION ORDER ON REACTIVITY AND 
COMBUSTION ENERGY RELEASE 
Abstract  
This study reports on the combustion enthalpy and combustion efficiency of mechanically 
activated (MA) ball mill boron, aluminum and polytetrafluoroethylene composites (B/Al/PTFE, 
Al:B = 4:15 by weight). Three B/Al/PTFE composites were fabricated in a staged ball milling 
manner, specifically, Al/PTFE-B (MA of Al/PTFE followed by MA of Al/PTFE with B), B/PTFE-
Al (MA of B/PTFE followed by MA of B/PTFE with Al), and B/PTFE-Al/PTFE (MA of B/PTFE 
and MA of Al/PTFE separately which was followed by MA of B/PTFE and Al/PTFE together). 
Formulations with varying PTFE (12-36 wt.%) of B/PTFE-Al/PTFE were prepared. The effect of 
ball milling order on B/Al/PTFE reactivity and combustion enthalpy was studied. In order to 
provide insight into the combustion enthalpy results, the reaction mechanisms of B/Al/PTFE 
composites were investigated by differential scanning calorimetry/thermogravimetric analysis 
(DSC/TGA) with online evolved gas analysis via FTIR. Further, XRD analysis of B/PTFE-
Al/PTFE samples after being heated to different temperatures was performed. For the formulations 
investigated, B/PTFE-Al/PTFE composite with 24 wt.% PTFE exhibits the highest combustion 
enthalpy. The XRD results of B/PTFE-Al/PTFE composites being heated to different temperatures 
confirmed the production of AlF3 in both air and argon environments. On the other hand, 
production of BF3 was detected by FTIR in both air and argon environments. At temperatures 
below 600 oC (while PTFE is present), the production of BF3 is from fluorination reaction of boron 
and B2O3 by PTFE. While at higher temperatures, AlF3 product further reacts with B2O3 to produce 
BF3. The DSC/TG results in argon of MA B/Al/PTFE composites show that Al/PTFE-B has the 
lowest weight loss before 600 oC and later highest weight loss after 900 oC which suggests that 
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Al/PTFE-B has the highest reaction efficiency between PTFE and Al. In another word, the TG 
results suggest that Al/PTFE-B composite generates the highest amount of AlF3 over the three 
composites which resulting in highest weight loss during the reaction between AlF3 and B2O3 at 
high temperature. On the other hand, B/PTFE-Al has the highest weight loss during PTFE 
decomposition and lowest weight loss after 900 oC which indicates it has the lowest reaction 
efficiency of PTFE and Al and possibly highest reaction efficiency of PTFE and B. At the same 
time, FTIR results show B/PTFE-Al has the highest amount of BF3 release at low temperature 
which confirms B/PTFE-Al has the highest reaction efficiency between PTFE and B. The weight 
loss of B/PTFE-Al/PTFE lies in between Al/PTFE-B composite and B/PTFE-Al composite. The 
DSC/TG results further suggest that ball milling B/Al/PTFE composites in different orders alters 
the reaction degree between different ingredients. The calorimetry tests on the other hand show 
that B/PTFE-Al/PTFE has the highest energy release of all ball milled composites. It’s speculated 
that ball milling could improve the reactivity of ingredients and ball milling order could alter the 
degree of different reaction pathways. Pressurization measurements further proven that ball 
milling improves the reactivity of B/PTFE-Al/PTFE comparing to sonication mixed B-Al-PTFE 
composite.  
Introduction 
Boron has been used as fuel additive for energetic materials such as propellant [1-3] and 
explosive [4] due to its high volumetric/gravimetric heat of combustion. The volumetric 
combustion heat of boron is almost twice as high as aluminum which makes it the most prominent 
candidate fuel for air-breathing ramjet engines [5, 6]. Although with a high potential enthalpy, it’s 
hard to fully exploit boron combustion heat due to several reasons which can be explained by its 
unique combustion mechanism. Some studies show that boron combustion happens in two stages 
[7, 8]. During the first stage of boron burning, boron is covered by B2O3 coating. The growing 
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layer of B2O3 product slows down the diffusion of boron and oxygen thus slows down the burning 
rate of boron. Because of the high boiling temperature of B2O3 (2133 K), the existence of the oxide 
layer causes long ignition delay. As the temperature goes up, the second stage of boron burning is 
the full-fledged combustion of uncovered boron particles. If the oxide layer can be removed at a 
low temperature, boron combustion delay and combustion time could be significantly reduced thus 
the combustion performance of boron could be improved [9]. It’s been proven that fluorine 
containing species could accelerate the gasification process of B2O3 computationally [10]. At the 
same time, study of boron combustion in a shock tube has shown a marked decrease in ignition 
delay times and burning times with increasing fluorine mole fractions [9]. On the other hand, 
enthalpy of formation of boron fluoride is higher than that of boron oxide [11, 12]. To be specific, 
boron burning can be accelerated by producing gaseous BF3 other than solid/liquid B2O3. When 
boron reacts with fluorine, gaseous product BF3 leaves the surface making boron exposed for 
further reactions immediately. Fluorine can be introduced to boron fuel in the form of gases, 
fluorocarbons or metal fluorides, among which fluorocarbons are stable and safe to handle. 
Polytetrafluoroethylene (PTFE) is one of the fluorocarbons that has found the widest range of 
applications in energetics [11]. PTFE only contains carbon and fluorine which is better for boron 
combustion than fluorocarbons that contain hydrogen, because the existence of hydrogen could 
alter boron combustion products to HOBO and lower the total heat release [13]. 
Besides inclusion of fluorine containing species, metal particles such as magnesium has 
also been considered to enhance boron ignition and combustion [14-16]. Similar to magnesium, 
aluminum has a lower ignition temperature but higher flame temperature than boron, and 
aluminum is the mostly widely used metal energetic fuel [17]. Thus, theoretically the addition of 
aluminum particles could enhance boron combustion by igniting first and preheating unignited 
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boron particles [5]. Ball mill technique has also been used to increase reactivity of metastable 
alloys and energetic materials by refining particle size [18] and creating new microstructure within 
particles by causing plastic deformation of the original particles [19]. Sippel et al has used ball 
mill method to create alternative layers of Al and PTFE in Al/PTFE composites which results in 
high reactants interfacial area [20]. The diffusion distance between reactants is also shortened by 
ball mill which further improve the reactivity of ball milled composites [20]. 
In this study, boron with inclusion of both aluminum and PTFE is ball milled and new 
features between B, Al and PTFE are expected to show due to the effect of breakage, mixing and 
cold welding of ball mill. Different formulations of B/Al/PTFE composites were made. The effect 
of inclusion of aluminum and PTFE on improving boron combustion enthalpy and combustion 
efficiency is evaluated. DSC/TG method together with FTIR and XRD were used to analyze the 
reaction mechanism within B/Al/PTFE composites in both argon and air environments. Further, 
KNO3 was added to B/Al/PTFE composites and their combustion enthalpy was evaluated. 
Pressurization rate was measured as an evaluation of the reactivity of B/Al/PTFE composites.   
Experimental Section 
B/Al/PTFE composites preparation 
B/Al/PTFE composites with different formulations were prepared by MA ball mill process. 
Raw powders of SB95 boron (0.8 m, SB Boron Crop.), Al (35 m, Valimet H30) and PTFE (≤ 
12 m, Sigma-Aldrich 430943) were used. A mixture of 3 g of the raw materials was ball milled 
together in a 30 mL polyethylene container (McMaster-42905T23) (for ball milling boron and 
PTFE mixture, a 60 mL stainless steel container was used instead) on a modified SPEX 8000 
shaker mill. Both containers are in a cylinder shape. A charge ratio of 19 was used which included 
73 wt.% 9.53 mm and 27 wt.% 4.76 mm 440C steel media (McMaster-Carr 9529K19 and 
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9529K13, respectively). In order to prevent further oxidation of both aluminum and boron during 
milling, the containers were filled with argon before milling. Raw materials were ball milled in a 
multistage process to investigate the enhancement effect of milling process on combustion 
enthalpy of the composites. Here, each mill section is called a stage. Arrested MA ball mill with a 
duty cycle of 1 min ON and 4 min OFF was used to mill the mixture for a total milling time of 30 
minutes for each mill. In selection of this milling duration, previous study of ball milling Al/PTFE 
composite was followed [21]. The mill was enclosed in a reinforced, fan cooled steel box for 
safety. Milled mixtures were passivated prior to further use by submerging milled mixtures in 
hexane and allowing the hexane to slowly evaporate in a glove box. 
Theoretical enthalpy calculation indicates that too much inclusion of PTFE oxidizer will 
lower the total combustion enthalpy of the composites. Thus, mixtures with 12 wt.%, 24 wt.% and 
36 wt.% PTFE respectively were prepared, and the best composition was chosen for further study. 
A ratio of 4 to 15 of aluminum to boron was used because enthalpy calculation indicates that high 
inclusion of aluminum also will decrease the total combustion enthalpy.  
B-Al-PTFE composite was also physically mixed by sonication (Branson Digital Sonifier, 
Models 250 & 450). Same polyethylene container was used as for ball mill. A mixture of 2 g raw 
powders was mixed with 14 g hexane. The mixture was sonicated for 5 minutes and 40 % of the 
power amplitude was selected for a thorough mix. The solution was dried under a vacuum oven 
and the mixtures were sieved to under 150 µm (No. 100 sieve) to break agglomeration prior to use.  
For clarification purpose, ball milled B/Al/PTFE composites in different stages were 
written in a way to reflect the ball milling process. In general, B/Al/PTFE refers to any composites 
that contain all three ingredients. Specifically, B/PTFE-Al composite was made by first ball mill 
B and PTFE together (B/PTFE) which was followed by ball mill B/PTFE and Al together (two 
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stages). Al/PTFE-B composite was made by first ball mill Al and PTFE together (Al/PTFE) which 
was followed by ball mill Al/PTFE and B together (two stages). B/PTFE-Al/PTFE was made by 
first ball mill B and PTFE together (one stage), and ball mill Al and PTFE together (another stage), 
and then ball mill B/PTFE and Al/PTFE together (three stages). Each stage of ball milling has a 
total milling time of 30 minutes. The composite was also prepared by ball mill three ingredients 
all at once for a single mill for comparison. 
Later, oxidizer KNO3 was added to B/Al/PTFE composites, SB95 boron and aluminum by 
hand stirring with a spatula. The mixtures have a 25 wt.% of KNO3.  
B/Al/PTFE composite characterization 
A Rigaku Ultima IV powder X-ray diffractometer (Cu-Kα) was used to characterize both 
raw materials and ball milled B/Al/PTFE composites using a scan speed of 4 °/min (2θ). Further, 
samples of B/PTFE-Al/PTFE composite were heated to different temperatures in both argon and 
air environment in DSC/TG machine with a heating rate of 20 oC /min. The residue was collected 
and characterized by XRD. Products of B/PTFE-Al/PTFE collected after calorimetry test were 
also characterized by XRD. 
Scanning electron microscopy (SEM) were conducted using a FEI Quanta 250 FE-SEM on 
sputter coated particles. B/Al/PTFE composites were observed by SEM and analyzed by EDS to 
see element distribution and the microstructures within the composites. 
The reaction mechanism of B/Al/PTFE composites in low heating rate was studied using a 
Netzsch STA449 F1 simultaneous differential scanning calorimeter/thermogravimetric analyzer 
(DSC/TGA) with simultaneous evolved gas analysis via a Bruker Tensor 37 Fourier transform 
infrared spectrometer (FTIR). DSC indicates reaction temperatures as well as thermal properties 
of reactions while TG indicates weight changes during the reactions. FTIR affords confirmation 
of gaseous products during reactions. A sample weight of about 5 mg was used. Samples were 
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heated up to 1100 °C at a heating rate of 20 °C/min under a flow of 40 mL/min either dry air or 
UHP (5N) argon gas. Prior to the start of DSC/TGA experiments in argon, the furnace chamber is 
evacuated and filled with argon one time to eliminate air. 
Calorimetry experiments 
Combustion enthalpy of different raw materials and composites were measured in a 
constant volume calorimetry bomb. Sample of 0.3 g of the testing powder was placed in a 1.3 mL 
porcelain crucible (Fisherbrand, FB965A) which was then placed on the sample holder inside the 
calorimetry bomb. A 10 cm cotton thread was used together with a 7 cm nickel chromium wire 
(24 Gauge, Consolidated Electronic Wire & Cable) to ignite the samples. The bomb was 
pressurized to 3.10 MPa (450 psi, gauge pressure) with pure oxygen prior to ignition to achieve 
maximum heat of combustion. The bomb was then submerged in 2 L water contained in a stainless 
steel container.  A digital thermometer (Traceable, Fisherbrand, S/N: 181228279) was used to 
record the temperature change before and after the combustion event. A propeller was used to 
accelerate thermal equilibrium between the bomb and the water. 
Pressurization measurements 
The pressurization rate of B/Al/PTFE composites mixed with KNO3 was measured in a 
customized small volume combustion bomb (Chapter 3, Figure 15). The volume of the bomb is 
329.1 cm3. Samples of 100 mg were placed in a small porcelain crucible (Fisherbrand, FB965A) 
which was then placed on the sample holder inside the bomb (similar to the calorimetry bomb). 
The measurement was conducted under air with a pressure of 2.41 MPa (350 psig). Ignition of the 
samples was achieved using a 7.62 cm long, 24 AWG (0.5105 mm, Consolidated Electronic Wire 
& Cable) nickel-chromium wire. Pressure during the ignition and subsequent combustion event 
was recorded using a dynamic pressure transducer (PCB Piezotronics, PCB 113B26, 1.45 mV/kPa) 
which was connected to instrumentation (DAQ, NI 9215), allowing capture of both the pressure 
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rise event and peak pressure resulting from combustion. Data was post-processed and the 
pressurization rate (dP/dt) was calculated as the steepest slope of the pressure rise history.  
Results and Discussion 
B/Al/PTFE composites XRD characterization 
Raw materials and composites were characterized by XRD. By comparing raw SB95 boron 
(amorphous) and ball milled SB95 boron (Fig. 23a), we can see that ball mill process increase the 
crystallization degree of SB95 boron. The XRD of SB95 boron raw powder is a flat line, no peaks 
are observed (Fig. 23a). The XRD result of SB95 boron confirms that SB95 boron is amorphous 
and at the same time indicates that the naturally formed B2O3 on top of SB95 boron particles is 
amorphous. After ball milling, peaks of crystalline boron are observed. Same feature of crystalline 
boron is also shown in the ball milled B/PTFE composite. Iron contamination from the steel media 
is seen in both ball milled SB95 boron and B/PTFE composite. Iron contamination is a common 
issue for ball mill materials which was also found in other studie [14]. Thus, iron contamination is 
expected in all ball milled composites in this study, but iron peaks could be shielded by Al feature 
when the composite contains Al. We observe small crystalline B2O3 feature in ball milled SB95 
boron sample, this could be introduced during ball milling process due to bad seal of the milling 
container [22]. 
Prolonged milling time was considered and the effect of milling time on the phase change 
of the composites was explored by XRD. Al/PTFE was first ball milled for 30 minutes. Then, B 
was added to Al/PTFE mixture and ball milled again for different time durations which were 30 
minutes, 1 hour and 2 hours. XRD results of Al/PTFE-B show that small quantity of α-AlF3 is 
formed during ball milling and disappears as ball milling time increases (Fig. 23b). Formation of 
α-AlF3 has been seen in other formulation of MA Al/PTFE (70-30 wt.%) composite [20]. The 
amplitude of Al and PTFE peaks both decrease after ball milling and keep decreasing as the milling 
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time increases while the peaks broaden at the same time (Fig. 23b) which is caused by grain size 
decreasing of Al [23] and PTFE due to ball mill process [18]. Similarly, we assume the feature of 
α-AlF3 disappears as the milling time increases due to the decrease of grain size [18]. The XRD 
result also indicates the production of α-AlF3 is small.  
The above XRD results show that ball milling changes the phase of boron from amorphous 
to crystalline. Ball milling also decreases the grain size of both aluminum and PTFE. We presume 
that by changing the crystallization degree and grain size of the materials, their reactive ability 
could also change.  
The XRD of B/Al/PTFE composites (Fig. 23c) prepared by different staged ball milling 
shows the same feature. Except the peaks of Al in B/PTFE-Al are a little sharper than that in the 
other two composites. The total ball milling time of Al in B/PTFE-Al composite is 0.5 h while the 
total ball milling time of Al in the other two composites is 1 h. The increased ball milling time 
causes aluminum grain size to decrease [23] which is consistent with the XRD results of Fig. 23b. 
The ball milled B/Al/PTFE composites are supposed to show crystalline feature of B which is 
disguised by PTFE feature and high intensity of Al feature. 
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Figure 23: (a) XRD of B/PTFE (60/24 wt.%) and SB95 boron both before and after ball 
milling treatment; (b) XRD of neat Al powder and Al/PTFE-B composite (16/24-60 wt.%) 
with different second stage (when ball mill Al/PTFE and B together) ball milling time; (c) 
XRD of B/Al/PTFE composites fabricated by staged ball milling. 
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SEM and EDS of B/Al/PTFE composites  
SEM of raw materials (Fig. 24) were taken to have a vivid image of the starting materials. 
Aluminum has a spherical shape with an average diameter of 35 m. SB95 boron has a claimed 
maximum particle size of 0.8 m from manufacture. Agglomeration of SB95 boron particles can 
be seen from the SEM (Fig. 24b). PTFE has a particle size that smaller than about 10 m with 
some strands (Fig. 24c).  
  
     
Figure 24: SEM micrographs of neat reactants aluminum, boron, and PTFE.  
SEM and EDS images of B/Al/PTFE composites (Figs. 25-27) were also taken. Particle 
agglomeration can be seen in all three B/Al/PTFE composites. White tiny dots in SEM are 
identified as iron contamination from the steel media. The spotting of iron from SEM further 
(a)Al(H-30), 35 m (b)SB95 Boron 
(c)PTFE 
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confirms the XRD result of iron contamination from ball milled boron and B/PTFE composite. 
Small contamination from polyethylene milling container is also detected (Fig. 25) which was 
confirmed from pyrolysis GC-MS measurements (not shown). Comparing the SEM of the three 
composites, the particle size of B/PTFE-Al/PTFE seems a little smaller than the other two in 
general. It’s hard to tell B, Al and PTFE apart from the SEM while clear distribution of the three 
ingredients can be seen from the EDS maps. From the EDS, we observe that Al/PTFE-B and 
B/PTFE-Al/PTFE composites seem to have finer particle size and more even distribution of B, Al 
and PTFE components than B/PTFE-Al. For both Al/PTFE-B and B/PTFE-Al/PTFE, the 
distribution of Al and PTFE are similar which indicates more contact area between Al and PTFE, 
thus, better reactivity between Al and PTFE is expected. While for the B/PTFE-Al composite, the 
distribution of B and PTFE is more similar which means B and PTFE are more intimately mixed, 
suggesting increased reaction ability between boron with PTFE. New microstructures between Al, 
B and PTFE created by ball milling are expected but not seen from the SEM. 
 
Figure 25: SEM and EDS of Al/PTFE-B composite (with 60, 16, 24 wt. % of B, Al, PTFE). 
  
polyethylene 
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Figure 26: SEM and EDS of B/PTFE-Al composite (with 60, 16, 24 wt. % of B, Al, PTFE). 
 
Figure 27: SEM and EDS of B/PTFE-Al/PTFE composite (with 60, 16, 24 wt. % of B, Al, 
PTFE. 
Combustion enthalpy of B/Al/PTFE composites 
Combustion enthalpy of raw materials and ball milled mixtures were measured and the 
results are shown in Table 2. The combustion enthalpy of SB95 boron is quite low, 1.5722 × 104 
J/g to be specific which is only 26.72% of the theoretical total energy of boron. The result of SB95 
boron indicates that it’s hard to fully exploit its energy by burning SB95 boron itself. The enthalpy 
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of ball milled SB95 boron has an increasement of 9.8 % comparing to SB95 boron which makes 
the ball milled boron combustion efficiency about 3 % higher. This result suggests that ball mill 
technique can increase the reactivity of SB95 boron. We hypothesize that ball mill could refine 
boron particle size as well as changing its crystalline degree, thus, generate new clusters of more 
reactive boron particles. The enthalpy of sonicated B-Al-PTFE mixture is 2.802 J/g. Comparing 
to ball milled B/Al/PTFE composites, sonicated B-Al-PTFE has a relatively high combustion 
enthalpy which is only lower than B/PTFE-Al/PTFE composite. Note that the process of ball mill 
could improve the reactivity of B and Al, while at the same time decrease their total energy release 
due to the oxide content produced during ball milling. Both high reactivity and high combustion 
enthalpy are preferred for boron combustion and quite often the former one can decide how 
efficient the latter one will be. In real combustion environment especially when oxidizer is in 
equilibrium to fuel due to limited storage, high reactivity of the fuel is key to ensure maximum 
release of combustion heat.  
Comparing the four different ball milled B/Al/PTFE composites (with same composition 
60-16-24 wt.%), single step ball milled B/Al/PTFE composite has the lowest combustion 
enthalpy/efficiency comparing to the other three B/Al/PTFE composites. B/PTFE-Al/PTFE 
composite has the highest combustion enthalpy/efficiency of all. The combustion enthalpy of 
Al/PTFE-B is higher than that of B/PTFE-Al. The reason for the combustion enthalpy difference 
may be explained by the following. By ball milling Al and PTFE together first, we expect there is 
more PTFE staying closely to Al than ball milling boron and PTFE together first. The fact that 
Al/PTFE-B shows higher combustion enthalpy than B/PTFE-Al indicates the reactivity of Al is 
higher than boron. The three staged ball mill B/PTFE-Al/PTFE has a longer total ball milling time 
and optimized ball milling orders which further improve the combustion enthalpy of B/Al/PTFE 
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composite. The enthalpy results of B/Al/PTFE composites indicate that ball mill orders can 
alternate the reactivity between different ingredients. The enhanced reactivity of three staged ball 
mill B/PTFE-Al/PTFE composite overcomes the loss of combustion enthalpy caused due to 
oxidation during ball milling process.  
Table 2: Combustion enthalpy and efficiency of neat ingredients and B/Al/PTFE 
composites. All formulations contain 24 wt.% PTFE and 4:15 of Al:B by weight. Results 
are reported as the average of three trials ± one standard deviation. 
 
Enthalpy 
(104 J/g) 
Al 
H-30 
Boron 
SB 95 
Boron 
Ball 
milled
B/Al/PTFE
Single-Step 
Mill
B/PTFE-Al Al/PTFE-B B/PTFE-Al/PTFE 
Measured 
Avg. 
2.890 
±0.082 
1.572 
±0.106 
1.726 
±0.013
2.406 
±0.056
2.436 
±0.107
2.522 
±0.112 
2.992 
±0.131
Equilibrium 3.105 5.88 5.884 4.236 4.236 4.236 4.236
Efficiency 
(%) 93.09% 26.72% 29.34% 56.79% 57.50% 59.52% 70.63%
The enthalpy of B/PTFE-Al/PTFE with different inclusions of PTFE was measured to find 
an optimized mixture. The formulation with 24 wt.% PTFE shows the highest combustion enthalpy 
of all (Table 3). Inclusion of PTFE into boron could facilitate the removal of B2O3 coating during 
boron combustion, thus improve the combustion completeness and heat release of boron. While 
inclusion of too much PTFE would lower the total heat release of boron combustion. Thus, 
B/PTFE-Al/PTFE with 24 wt.% PTFE shows the best performance. 
Table 3: Measured combustion enthalpy of B/PTFE-Al/PTFE composites with different 
PTFE. Results are reported as the average of three trials ± one standard deviation. 
Combustion Enthalpy 
(104 J/g ) 12 wt.% PTFE 24 wt.% PTFE 36 wt.% PTFE
Measured Avg. 2.020 ± 0.073 2.992 ± 0.131 2.387 ± 0.082
Equilibrium 4.765 4.234 3.702 
Efficiency 42.39% 70.67% 64.49% 
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Further, the enhancing effect of KNO3 oxidizer on boron combustion efficiency was 
studied. An inclusion of 25 wt.% KNO3 was added to boron and B/PTFE-Al/PTFE composite, and 
the combustion enthalpy was measured which are listed in Table 4. Mixture of Al and KNO3 was 
tested for comparison. The combustion enthalpy of B/PTFE-Al/PTFE decreased from 2.992×104 
J/g to 2.391×104 J/g after adding KNO3. While the combustion efficiency of B/PTFE-Al/PTFE 
was improved from 59.52% to 75.25%. KNO3 serves as an oxidizer which does not contribute to 
the total heat release of B/PTFE-Al/PTFE composite, instead, KNO3 helps boron and aluminum 
to convert fully to their oxide forms which could maximum their heat release. Comparing Table 3 
and Table 4, we can see that for Al, the combustion enthalpy of Al-KNO3 is lower than that of 
pure Al, while the combustion efficiency of both are similar which indicate that the H-30 Al used 
in our study can release its full energy once ignited in calorimetry test environment where there is 
enough oxygen to convert most Al to Al2O3. For SB95 boron, both the combustion enthalpy and 
efficiency increased which indicate that extra oxidizer or higher oxidizer concentration is needed 
for boron combustion since the growing B2O3 layer slows down the diffusion of oxygen and boron 
for further reaction. On the other hand, the result indicates modifications are needed to improve 
the combustion efficient of SB95 boron. 
Table 4: Combustion enthalpy and efficiency of KNO3 based compositions containing 
different fuels are reported as the average of three trials ± one standard deviation. 
Enthalpy 
(104 J/g ) 
Al-KNO3 
(75 wt.% - 25 wt.%)
B-KNO3 
(75 wt.% - 25 
wt.%)
(B/PTFE-Al/PTFE)-
KNO3 
(75 wt.% - 25 wt.%)
Measured Avg. 2.037 ± 0.026 2.476 ± 0.050 2.391 ± 0.004 
Equilibrium 2.274 4.393 2.391 
Efficiency (%) 89.57 56.36 75.25 
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Pressurization rate of B/Al/PTFE composites 
Boron, sonicated B-Al-PTFE and B/PTFE-Al/PTFE composites were mixed with 25 wt.% 
KNO3 by hand stirring and the pressurization rate of the mixtures were measured in air. The initial 
pressure of air in the small volume bomb is 2.41 MPa (350 psig). The results are listed in Table 5.  
Note that the pressurization rate is estimated by linear fitting the fastest pressure rising event, thus, 
pressurization rate can reflect the burning rate or the reactivity of the material. For the case of 
boron, higher pressurization rate means higher burning rate and better reactivity of boron. The 
pressurization rate of (B/PTFE-Al/PTFE)-KNO3 is higher than that of (B-Al-PTFE)Sonication-KNO3 
by 57.23%, and it’s much higher than that of B-KNO3 (17.56 times higher). The pressurization 
rate results further confirm that SB95 boron burns badly by itself and by introducing aluminum 
and PTFE, the pressurization rate of SB95 boron can improve drastically. Further staged ball mill 
of boron, aluminum and PTFE mixture can achieve even higher burning rate and reactivity.  
A set of typical pressure changes for each sample are plotted in Fig. 28. The pressure trace 
of B-KNO3 rises much slower comparing to (B-Al-PTFE)Sonication-KNO3 and (B/PTFE-Al/PTFE)-
KNO3. The pressure changes of (B-Al-PTFE)Sonication-KNO3 and (B/PTFE-Al/PTFE)-KNO3 are 
similar with a slow initial pressure rise followed by a fast pressure rise. The initial slow pressure 
rise of (B/PTFE-Al/PTFE)-KNO3 is shorter and the fast pressure rise is sharper than that of (B-Al-
PTFE)Sonication-KNO3. The pressure changes indicate (B/PTFE-Al/PTFE)-KNO3 reacts and burns 
faster than (B-Al-PTFE)Sonication-KNO3 and much faster than B-KNO3. 
Table 5: Pressurization of KNO3 based compositions containing different fuels. Measured 
pressurizations are reported as the average of three trials ± one standard deviation. 
Pressurization 
(MPa/s ) 
B-KNO3 
(75 wt.% - 25 
wt.%) 
(B-Al-PTFE)sonication-
KNO3 
(75 wt.% - 25 wt.%)
(B/PTFE-Al/PTFE)-
KNO3 
(75 wt.% - 25 wt.%)
Measured Avg. 0.349 ± 0.014 4.120 ± 0.334 6.478 ± 0.130
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Figure 28: Pressure change of mixture of B-KNO3, (B-Al-PTFE)Sonication-KNO3 and 
(B/PTFE-Al/PTFE)-KNO3 with 25 wt. % KNO3 in air, initial pressure is 2.51 MPa.  
Reaction of B/Al/PTFE in argon  
The combustion reaction mechanism of B/Al/PTFE composites was studied by 
DSC/TG/FTIR in argon at a heating rate of 20 oC/min. Online FTIR gas evolution was collected 
to help identify the gaseous products. In order to assess the B/Al/PTFE composites reactions more 
comprehensively, B/PTFE-Al/PTFE composite was heated to different temperatures (600 oC, 900 
oC and 1200 oC) in argon, the residue was collected and characterized by XRD. 
For the reactions in argon, the ball milled B/Al/PTFE composites show similar weight 
changing trend and thermal behaviors (Fig. 29). There is a gradually weight loss up to about 7% 
happened before 440 oC and slowly heat release can be seen in the DSC curve. The main exotherm 
between 440 oC to 580 oC is accompanied by fast decomposition of PTFE. FTIR data in this 
temperature range shows PTFE decomposition product such as C2F4 as well as BF3 and SiF4 (Fig. 
30). BF3 is produced from reactions of B or B2O3 layer and PTFE decomposition fragments. Note 
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that IR spectra of SiF4 is also observed during this exotherm event. Silicon contamination was 
introduced either from steel media during ball mill process or raw boron powder from manufacture. 
The formation of SiF4 is from reaction between Si (or SiO2) and fluorine containing species such 
as C2F4 and BF3. The IR peak for SiF4 is high comparing to BF3 peak due to its almost 100 % 
absorption of tested IR wavelength. XRD of B/PTFE-Al/PTFE composite after being heated to 
600 oC (right after the main exotherm event) shows production of -AlF3 which is from the 
reactions between Al or Al2O3 and PTFE. One thing to notice is that after PTFE decomposes, 
crystalline feature of B generated due to ball mill process shows up in the XRD data (Fig. 31). Al 
peaks can still be seen in the XRD data but less strong.  
In the temperature range of 580 oC to 900 oC, there is no obvious weight change observed 
in the TG curves. There seems to have two or three exothermal events which are not quite 
distinguishable happened within this temperature range from the DSC curves. Endotherm is seen 
in B/PTFE-Al composite at 650 oC which is Mg melting, the same feature is seen in the DSC data 
of the other two composites but with smaller amplitude. There is no Al melting (660 oC) observed 
in any of the B/Al/PTFE composites DSC curves. On the other hand, there is Al peaks observed 
in XRD data after the B/PTFE-Al/PTFE sample being heated to 600 oC but none of the Al peaks 
are seen after the sample being heated to 900 oC. The XRD result together with the DSC result 
suggest that Al reacted with B, B2O3 layer or even Mg at a temperature between 630 oC to 660 oC. 
While there are no obvious features seen in XRD data at 900 oC except -AlF3 and MgF2. We 
assume Al reacted with B2O3 layer and amorphous Al2O3 was produced in the heated temperature 
range. Mg is from SB95 boron material from manufacture. Production of MgF2 is expected from 
reaction of AlF3 and Mg in a temperature that is lower than 900 oC but higher than 650 oC (melting 
temperature of Mg). Recall that the endotherm of Mg melting observed in B/PTFE-Al is more 
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obvious than that in the other two composites, the result indicates less AlF3 is produced in B/PTFE-
Al than in the other two composites. 
At the temperature range from 580 oC to 900 oC, there is not much feature detected in the 
FTIR data except for tiny C2F4 peaks which is assumed from earlier PTFE decomposition. 
As the heating temperature goes over 900 oC, we observe weight loss from the TG curves 
(Fig. 29). At the same time, there is BF3 and SiF4 detected again in the FTIR data (Fig. 30). As the 
heating temperature goes up to 1200 oC, XRD data shows that there is no AlF3 left. On the other 
hand, Al2O3 is observed in XRD (Fig. 31). At high temperature, AlF3 could react with B2O3 layer 
to produce BF3 and Al2O3 [24], while earlier produced amorphous Al2O3 would crystallize at high 
temperature. AlF3 also could react with SiO2 to produce SiF4 [24]. At high temperature, AlF3 can 
also sublimate.  
Comparing the TG curves of the B/Al/PTFE composites, Al/PTFE-B has the smallest 
weight loss before 580 oC but biggest weight loss above 900 oC while B/PTFE-Al has the biggest 
weight loss before 580 oC and smallest weight loss after 900 oC. The weight loss of B/PTFE-
Al/PTFE is in between the other two composites. The weight loss before 580 oC indicates that 
Al/PTFE-B has the highest efficiency reacting with PTFE while B/PTFE-Al has the lowest 
efficiency reacting with PTFE. The weight loss after 900 oC indicates that Al/PTFE-B reaction 
produces the most amount of AlF3 while B/PTFE-Al reaction produces the least amount of AlF3. 
FTIR results show that B/PTFE-Al has the highest BF3 production before 580 oC which indicates 
the reaction between B and PTFE is the most efficient. FTIR results also show that B/PTFE-Al 
has the lowest BF3 production after 900 oC which indicates lowest production of AlF3 and the 
result is consistent with the weight loss. Analogously, Al/PTFE-B produces the most amount of 
AlF3. The above results suggest that by ball milling B, Al and PTFE in different order, the reaction 
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probability between the three ingredients can change. More AlF3 while less BF3 produced in 
Al/PTFE-B than in B/PTFE-Al at low temperature suggest that there is more contact area or 
interface between Al and PTFE in Al/PTFE-B while there is more interface between B and PTFE 
in B/PTFE-Al. The reaction behavior of B/PTFE-Al/PTFE is supposed to lie in between Al/PTFE-
B and B/PTFE-Al. But with extra ball milling time, the behavior of B/PTFE-Al/PTFE could be 
more complicated. The total heat release from B/PTFE-Al composite is also lower than the other 
two composites. Al/PTFE-B seems to have the highest heat release over all in argon at low heating 
rate. 
 
Figure 29: (a) TG and (b) DSC heat flow of B/Al/PTFE composites. Heat flow histograms 
are offset. All experiments are conducted at 20 oC/min heating rate in UHP argon. 
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Figure 30: FTIR absorption of decomposition products from B/Al/PTFE composites. 
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Figure 31: XRD of products from B/PTFE-Al/PTFE heated at 20 °C/min in argon to 
specified temperatures. 
Reaction of B/Al/PTFE in air 
Similarly, we run the B/Al/PTFE samples in air at a heating rate of 20 oC/min, the online 
FTIR gas evolution was collected to identify the gaseous products. B/PTFE-Al/PTFE was heated 
to 600 oC, 700 oC, 900 oC, and 1200 oC separately in air, and the residue was collected and 
characterized by XRD to identify the solid products. Further, the products were also collected from 
calorimetry test and characterized by XRD. The results from DSC/TG/FTIR together with XRD 
results could give us a more comprehensive understanding of the reactions happened within the 
composites. 
From Fig. 32a we can see, the ball milled B/Al/PTFE composites show similar weight 
changes and thermal behavior in air. Before 480 oC, there is not much weight changed. Tiny heat 
97 
release around 390 oC can be seen from the DSC curves. FTIR (Fig. 33) data shows CO2 peck but 
nothing else around this temperature which indicates early oxidation of melted PTFE before vast 
PTFE decomposition. There is about 12% to 14% weight lost from 480 oC to 540 oC which is 
accompanied by exotherm event. The FTIR data (Fig. 33) in this temperature range shows that 
there is BF3 produced along with oxidation products of PTFE such as COF2, CO2 and CO. Trace 
of C2F4 is also detected. Several reactions could happen during this exothermal event such as PTFE 
decomposition and subsequent oxidation by oxygen, fluorination of Al, B and their oxide layer. 
The production of BF3 indicates reactions of B or B2O3 with fluorine containing gases such as C2F4 
and COF2. We also observe SiF4 in the FTIR data. Silicon is either introduced from steel media 
during ball milling process or raw boron powder from manufacture, and SiF4 is from reaction 
between Si and fluorine containing gases such as C2F4, and COF2 [25]. XRD data of B/PTFE-
Al/PTFE after being heated at 600 oC shows that there is both -AlF3 and -AlF3 produced (Fig. 
34). Thus, we conclude that at 480 oC to 540 oC, PTFE decomposition product C2F4 is oxidized to 
CO2, COF2 and CO in air. Fluorine containing gases react with Al and Al2O3 to produce AlF3, also 
react with B and B2O3 to produce BF3, both the reactions are exothermal. Although the 
decomposition of PTFE is endothermal, the heat release from fluorination of Al and B overcomes 
the heat needed for PTFE decomposition, thus, the total effect is exothermal. XRD data at 600 oC 
shows features of Al as well as crystalline B and B2O3 which are caused due to ball mill process.  
From about 540 oC to 740 oC, the TG curves show that the increase of the sample weight 
is about 18% to 20%. Heat release can be seen from 640 oC to 700 oC. FTIR data (Fig. 33) shows 
there is no detectable gases released around this temperature range. XRD of B/PTFE-Al/PTFE at 
700 oC shows a refractory oxide of Al and B, Al4B2O9 (Fig. 34) [26]. We also notice that both Al 
and AlF3 product disappear after the composite being heated to 700 oC. There are two ways to 
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produce Al4B2O9. First, Al reacts with oxygen and B2O3 in this temperature range to produce 
Al4B2O9. Specifically, Al reacts with oxygen to produce Al2O3 first. Then, Al2O3 reacts with the 
oxide layer B2O3 to produce Al4B2O9. This process removes the oxide layer off boron particle and 
exposes boron to oxygen for further oxidation. The second way to produce Al4B2O9 is through the 
reaction of AlF3 and oxide layer B2O3 with BF3 being produced at the same time [24]. Similarly, 
the removal of oxide layer B2O3 by AlF3 exposes boron to oxygen thus improves the reactivity of 
boron. The XRD result indicates AlF3 reacts with B2O3 at around 700 oC. The fact that the IR signal 
of BF3 did not start to increase until about 730 oC (not shown) and reach maximum at about 755 
oC for B/PTFE-Al/PTFE composite is due to the slow reaction rate between AlF3 and B2O3 at low 
temperatures. As the temperature goes up or the heating time extends at the ending temperature 
(10 minutes at 700 oC for our case), the reaction between AlF3 and B2O3 completes.  
At temperatures above 740 oC, more weight is gained in a faster speed (Fig. 32a). There is 
a strong exothermal event happened between 740 oC and 860 oC with continuous small heat release 
till the ending temperature 1100 oC. IR feature of BF3 is observed from the FTIR data of both 
Al/PTFE-B and B/PTFE-Al/PTFE but not B/PTFE-Al (Fig. 33) which indicates really low amount 
of AlF3 is produced in B/PTFE-Al comparing to the other two composites. The XRD data at 900 
oC shows more Al4B2O9 is produced and feature of B2O3 can be seen. At 1200 oC, a new oxide of 
B and Al, Al18B4O33 instead of Al4B2O9 shows up. Combine with the DSC data, we can conclude 
that the highest heat release between 700 oC and 900 oC is boron oxidation through the formation 
of Al4B2O9.  And at temperature higher than 900 oC, boron oxidation is through the formation of 
Al18B4O33. Recall that the oxidation temperature of SB95 boron by air did not happen until about 
780 oC (Chapter 3, Fig. 20). The XRD results indicate that the oxidation temperature of B by air 
is reduced due to the inclusion of Al and PTFE through intermediate product of Al4B2O9. 
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After the calorimetry test, huge amount of white fine powders can be seen everywhere in 
the bomb. At the same time, a dark grey hard and glassy looking material left at the bottom of the 
crucible with some sputtered on the wall of the bomb. The white powders were collected and 
characterized by XRD, the grey glassy residue was ball milled to powders and characterized by 
XRD also (Fig. 34). The result indicates that the white powders which are the main products of 
boron calorimetry test are B2O3 and B(OH)3. The formation of B(OH)3 is believed from the 
hydrolysis of BF3 with moisture which was seen at T-jump/FTIR experiments of boron/PTFE 
mixtures in moisture air by Young et. al [2]. The moisture in the calorimetry test is from either 
adsorbed water on sample or oxidation product of the cotton thread (part of the ignitor). The dark 
grey residue which looks glassy and transparent is identified to be aluminum oxyfluoride, AlFO 
(specifically, Al0.9114O0.7342F1.2658). The dark grey color is believed to be caused by 
unreacted amorphous boron which is mixed with AlFO. 
Although the weight changing trend and thermal events of the three B/Al/PTFE composites 
are similar. The total weight gain and heat release of Al/PTFE-B are the highest and that of 
B/PTFE-Al are the lowest from the DSC/TG data. The performance of B/PTFE-Al/PTFE lies in 
between but closer to that of Al/PTFE-B. The results indicate the reactivity of Al/PTFE-B is the 
highest and the reactivity of B/PTFE-Al is the lowest at slow heating test. The fact that Al/PTFE-
B has the lowest weight loss before 540 oC indicates the most amount of AlF3 is produced within 
Al/PTFE-B composite which further indicates the most amount of interfaces between Al and PTFE 
presents within Al/PTFE-B. Comparing the FTIR data of the three composites, there is hardly any 
BF3 produced after 600 oC for B/PTFE-Al composite which indicates there is the least amount of 
fluorine trapped in the material in the form of AlF3. The result further indicates that the reactivity 
between Al and PTFE within B/PTFE-Al is the worst and the least amount of interfaces between 
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Al and PTFE is speculated. With the above result, we conclude by ball milling the three ingredients 
in different orders, the interfaces between Al, B and PTFE can be changed, thus, the reactivity 
between different ingredients can be changed also. 
Figure 32: (a) TG and (b) DSC heat flow of B/Al/PTFE composites. DSC heat flow plots are 
offset for presentation. All experiments are conducted at 20 oC/min heating rate in dry air. 
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Figure 33: FTIR absorption of oxidation products from B/Al/PTFE composites. 
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Figure 34: XRD of B/PTFE-Al/PTFE staged composite heated in air at 20 °C/min and 
oxygen calorimetry combustion products. 
Relation between slow rate mechanisms of B/Al/PTFE reactions and combustion enthalpy 
results 
The slow rate reaction mechanisms of B/Al/PTFE composites in argon and air give us a 
picture of what could possibly happen during real combustion. The slow rate DSC suggests that 
Al/PTFE-B composite release more heat than B/PTFE-Al/PTFE within the tested temperature 
range, while calorimetry tests show that B/PTFE-Al/PTFE has the highest combustion enthalpy of 
all. From the TG curve, we know that the weights of B/Al/PTFE composites were still increasing 
at the end of the heating, which indicates that the oxidation reactions are not over. Thus, the 
conclusion we draw from the DSC curve regarding which composite releases the most heat may 
not reflect the real circumstance in combustion conditions. 
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Boron oxidation slows down as the B2O3 layer gets thicker. From the DSC/TG-FTIR and 
XRD results, we conclude that the inclusion of Al together with PTFE helps the removal of B2O3 
layer in different steps and at different temperatures. First, fluorine species could help remove the 
B2O3 layer by directly reacting with B2O3 and produce gaseous BF3 at about 480 oC to 540 oC. 
Second, AlF3 produced by Al and PTFE reaction can help remove the B2O3 oxide layer by reacting 
with B2O3 and producing Al2O3 and gaseous BF3 at 600 oC to 700 oC. Third, Al reacts with oxygen 
first and further reacts with B2O3 at 600 oC to 700 oC. Once B2O3 layer is removed, boron oxidation 
can happen in a faster way. On the other hand, the heat released from Al fluorination and oxidation 
can preheat boron and elevate its temperature. All the above effect from inclusion of Al and PTFE 
could accelerate boron oxidation and potentially release more heat. Al/PTFE-B is expected to 
generate the most amount of AlF3 due to more Al and PTFE interface formed by ball milling Al 
and all of the PTFE together.  
At calorimetry test, the ignition rate is estimated to be higher than 1000 oC/s which is much 
higher than DSC/TG test. Once part of the composite gets ignited, the combustion heat released 
from the ignited part preheats and ignites the neighboring particles in a rate that is also much faster 
than DSC/TG test (which is 20 oC/min). The oxygen concentration during calorimetry test is also 
higher than that during the DSC/TGA test. Thus, the combustion event in a calorimetry test is 
much more violent and energetic. With that being said, the reaction mechanism could be different 
in a calorimetry test than in a DSC/TG test, such as some low temperature reactions could be 
limited or even skipped, and some new reactions may be introduced. The amount of material used 
for calorimetry tests is much higher than the amount of material used for DSC/TG tests. For 
combustion of larger amount of material, the effect of particle size, size distribution on combustion 
performance may play a stronger role than in a small amount of material. Due to extra ball milling 
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time, the size of each individual ingredient of B/PTFE-Al/PTFE is expected to be smaller than that 
of Al/PTFE-B composite. We anticipate that the effect of ball milling on improving B/Al/PTFE 
combustion due to particle size reduction is more prominent for calorimetry test than DSC/TG test. 
Thus, it’s reasonable that B/PTFE-Al/PTFE shows more heat release than Al/PTFE-B in 
calorimetry test which reflects more closely to a real combustion environment. 
Conclusions 
This effort reports on the combustion enthalpy and combustion efficiency of B/Al/PTFE 
MA composites. For the same composition, B/PTFE-Al/PTFE composite has the highest 
combustion enthalpy and efficiency which is followed by Al/PTFE-B composite. B/PTFE-Al 
composite has the lowest combustion enthalpy and efficiency.  Inclusion of both PTFE and Al 
could help the removal of B2O3 layer by reacting with B2O3 directly and indirectly, thus improve 
boron reactivity and boron combustion efficiency. On the other hand, heat released from reaction 
of Al and PTFE as well as reaction of Al and oxygen could preheat boron particles and help initiate 
boron combustion. While inclusion of too much PTFE and Al will lower the total heat potential of 
B/Al/PTFE composites. B/PTFE-Al/PTFE composite with 24 wt.% PTFE showed the highest 
combustion enthalpy. XRD characterization indicates that ball milling increases the crystallization 
degree of amorphous boron while decrease the crystalline degree of both Al and PTFE. 
Combustion enthalpy of SB95 boron increased after being ball milled.  
Variation of interface between Al and PTFE as compared to interface between B and PTFE 
are created by varying the ball milling order of B, Al and PTFE, which can affect the degree of 
reaction of Al or B with PTFE. More Al and PTFE interface is created by ball milling Al and PTFE 
directly together which is indicated by more production of AlF3 in Al/PTFE-B and later more BF3 
release at high temperature due to the reaction between AlF3 and B2O3. While more B and PTFE 
interface is created by ball milling B and PTFE together directly which is indicated by more BF3 
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production in the FTIR data in argon. SEM and EDS show that B/PTFE-Al/PTFE and Al/PTFE-
B composites have more uniform mixing and finer size than B/PTFE-Al composite.  
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CHAPTER 5. CONCLUSIONS 
The ignition temperature of MA Al/PTFE (40/60 wt.%) composites over the heating rate 
range of 1.8x104 °C/s to 1.8x105 °C/s was determined in both dry air and argon over the pressure 
range of 101 kPa to 6.99 MPa. Results show general trends, including an increase in ignition 
temperature as heating rate increases and a decrease in ignition temperature with increased gas 
(both air and argon). The combustion of Al/PTFE is more energetic in air than in argon because 
of the extra oxidizer of oxygen present for the reaction in high pressure air environment. As 
pressure goes up, the dependence of ignition temperature on air pressure goes down. For B/PTFE, 
T-jump tests show similar relationship between ignition temperature and heating rate/pressure as 
Al/PTFE material. T-jump tests, pressurization rate and low heating rate DSC/TG tests all show 
that nanoscale boron is much more reactive than SB95 boron. Nanoscale boron is expected to have 
thinner boron oxide coating and much more contact area with PTFE than SB95 boron which 
contribute to the high reactivity of nanoscale boron. It’s impossible to ignite pure SB95 boron in 
our T-jump conditions, while after adding PTFE, we managed to ignite SB95/PTFE composite in 
high pressure air but not in high pressure argon. In general, ball milled Al/PTFE has a higher 
performance than SB95/PTFE composite. Thus, the idea of using aluminum together with PTFE 
to aid boron ignition and combustion is formed. The technique of ball mill was also included to 
further improve the reactivity of SB95 boron. Optimized composition and ball mill parameter of 
B/Al/PTFE composite show that B/PTFE-Al/PTFE has the best performance over all. The 
combustion enthalpy of B/PTFE-Al/PTFE is a little higher than that of pure aluminum (Al, H-30) 
but almost two times of SB95 boron. Pressurization data further confirm that the reactivity of 
B/PTFE-Al/PTFE is higher than sonicated B-Al-PTFE mixture and much higher than pure SB95 
boron. 
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With some of the combustion properties evaluated, the combustion performance of 
Al/PTFE, B/PTFE and B/PTFE-Al/PTFE could be speculated such as propellant. The burning of 
a lot of Al/PTFE as propellant in a more confined environments will be violently energetic 
especially when there is excess oxidizer availability. High heating rate of about 105 °C/s will speed 
up heating of unreacted material, high pressure of 1000 psi (6.89 MPa) will increase the 
concentration of gas phase reactants such as PTFE decomposition fragments as well as shorten the 
diffusion distance between solid Al fuel and gas phase oxidizers. SB95/PTFE composite will burn 
more easily as propellent for similar reasons as Al/PTFE but less violently due to higher ignition 
temperature of boron and high boiling temperature of boron oxide. The total heat release of 
SB95/PTFE composite may be less due to less fuel content and likely not fully exploited energy. 
On the other hand, the performance of B/PTFE-Al/PTFE as propellant could possibly surpass 
Al/PTFE with its combustion enthalpy similar to theoretical pure aluminum. 
In the case of combusting Al/PTFE in a detonation environment with a lower pressure (1-
5 atm) but faster heating rate (107 + °C/s) with air oxidizer present, we expect Al/PTFE burns less 
violently than when it’s used as propellant due to the fact that the concentration of gas phase 
reactants are much lower. The total burning time of Al/PTFE in detonation environment is 
expected to be shorter and less efficient than when used as propellant. The performance of 
SB95/PTFE in a detonation environment may be poorly due to hard ignition ability of SB95/PTFE 
at low pressure. The performance of B/PTFE-Al/PTFE in a detonation environment may be less 
well than Al/PTFE for similar reasons as SB95/PTFE composite. 
In general, due to the poor burning reactivity of SB95 boron in low pressure, higher 
pressure with excessive oxidizers are preferred for any boron composites to release their heat 
potential maximumly. 
